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The History and Evolution of Payún Matrú Caldera, Mendoza Province, Argentina
Abstract
A petrological and geochemical study was performed on rock samples collected from the retro-arc, Payún
Matrú Caldera (36°24' S, 69°11' W) Mendoza Province, western Argentina. The caldera formed between
168 ± 4 ka and 86 ± 1 ka, with volcanic products in the area ranging from Pleistocene to Holocene (Germa
et al., 2010). Payún Matrú is located on La Carbonilla Lineament, which also controls the location of at
least 300 other volcanic vents. Field work was carried out over five days in late February 2012, 38 hand
samples were collected and five trachyte dykes were identified within the northeast quadrant of the
caldera’s topographic rim, with their strike and dip noted. Hernando et al. (2012) proposed the formation
of a sub-volcanic magma chamber, with magma mixing being a dominant process. They further suggest
that the influx of mafic material into the base of the chamber resulted in caldera formation. Germa et al.
(2010) propose that the caldera formed from tectonic influences, due to the regional extensional setting.
More evidence was found for the former process within this research project. A comparison between the
seven identified rock suites was conducted. From an analysis of petrological thin-sections, it was evident
that the chamber had progressively evolved to its most mature state, immediately before caldera
formation. The degree and type of dis-equilibrium textures within phenocrysts was noted, as well as the
proportion of low- to high-temperature minerals. A comparison between photomicrographs and the majorand trace-element contents was made to determine the conditions in the chamber at a given point in
time. A method which utilised digital elevation models to measure the physical attributes of lava flows
around Payún Matrú was also used and tested to demonstrate the evolution of melts from the Payún
Matrú magma chamber. It was found that the most likely cause of caldera formation was the overpressuring of a zoned magma chamber, due to an influx of mafic material. This resulted in the eruption of
only the evolved upper portion of the chamber, with the lower portion erupting post-caldera. This postcaldera flow represents the most primitive flow, with a flat trace-element plot and a high proportion of
ferromagnesian minerals. The chamber environment, post-caldera, is dominated by the crystallisation of
mineral assemblages which have a high Al
2O3 content, and large ion-lithophile elements (LILE) such as Sr and Ba are accepted into the mineral
assemblage. This is supported by the presence of large, unsieved sanidine phenocrysts in the petrological
analysis. The waning of mafic material into the chamber is thought to have occurred after this period. The
significance of this project is that it demonstrates the possible mechanisms for large, ash-flow, calderaforming eruptions.

Degree Type
Thesis

Degree Name
Bachelor of Science (Honours)

Department
School of Earth & Environmental Science

Advisor(s)
Allan Chivas

Keywords
Lava, Viscosity, Caldera formation, Payúnia volcanic province
This thesis is available at Research Online: https://ro.uow.edu.au/thsci/54

The History and Evolution of Payún Matrú Caldera, Mendoza Province,
Argentina

By Ryan Manton

A thesis submitted in part fulfilment of the requirements of the Honours degree of
Bachelor of Science in the School of Earth and Environmental Sciences
University of Wollongong, 2012

The information in this thesis is entirely the result of investigations conducted by the author
unless otherwise acknowledged, and has not been submitted in part, or otherwise, for any
other degree or qualification.

Ryan John Manton
9/10/2012

II

ABSTRACT
A petrological and geochemical study was performed on rock samples collected from the
retro-arc, Payún Matrú Caldera (36°24' S, 69°11' W) Mendoza Province, western Argentina.
The caldera formed between 168 ± 4 ka and 86 ± 1 ka, with volcanic products in the area
ranging from Pleistocene to Holocene (Germa et al., 2010). Payún Matrú is located on La
Carbonilla Lineament, which also controls the location of at least 300 other volcanic vents.
Field work was carried out over five days in late February 2012, 38 hand samples were
collected and five trachyte dykes were identified within the northeast quadrant of the
caldera’s topographic rim, with their strike and dip noted. Hernando et al. (2012) proposed
the formation of a sub-volcanic magma chamber, with magma mixing being a dominant
process. They further suggest that the influx of mafic material into the base of the chamber
resulted in caldera formation. Germa et al. (2010) propose that the caldera formed from
tectonic influences, due to the regional extensional setting. More evidence was found for the
former process within this research project. A comparison between the seven identified rock
suites was conducted. From an analysis of petrological thin-sections, it was evident that the
chamber had progressively evolved to its most mature state, immediately before caldera
formation. The degree and type of dis-equilibrium textures within phenocrysts was noted, as
well as the proportion of low- to high-temperature minerals. A comparison between
photomicrographs and the major- and trace-element contents was made to determine the
conditions in the chamber at a given point in time. A method which utilised digital elevation
models to measure the physical attributes of lava flows around Payún Matrú was also used
and tested to demonstrate the evolution of melts from the Payún Matrú magma chamber. It
was found that the most likely cause of caldera formation was the over-pressuring of a zoned
magma chamber, due to an influx of mafic material. This resulted in the eruption of only the
evolved upper portion of the chamber, with the lower portion erupting post-caldera. This
post-caldera flow represents the most primitive flow, with a flat trace-element plot and a high
proportion of ferromagnesian minerals. The chamber environment, post-caldera, is dominated
by the crystallisation of mineral assemblages which have a high Al2O3 content, and large ionlithophile elements (LILE) such as Sr and Ba are accepted into the mineral assemblage. This
is supported by the presence of large, unsieved sanidine phenocrysts in the petrological
analysis. The waning of mafic material into the chamber is thought to have occurred after this
period. The significance of this project is that it demonstrates the possible mechanisms for
large, ash-flow, caldera-forming eruptions.
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CHAPTER ONE
Introduction
1.1

Location and Background

The Payún Matrú caldera is located in the southern portion of Mendoza province,
Argentina. The caldera is considered part of the southern central section of the Andean
Cordillera, South America, and is located at 36°24' S, 69°11' W. The locations of Payún
Matrú and the associated Cerro Payún (also called Payún Liso), a large andesitic
stratovolcano to the south-west of Payún Matrú volcano, are structurally controlled by La
Carbonilla Lineament, an east-west structure which also controls the distribution of 300
eruptive centres. Basaltic fields which pre- and post-date the formation of Payún Matrú are
also structurally controlled by this lineament, with the Los Volcanes Field, immediately to
the west considered to be the youngest (Figure 1.1).
The Payunia volcanic field is constructed within the Mesozoic Neuquén Basin. Heavy and
viscous oils are now extracted from these sequences in the Cerro Fortunoso oil field to the
northwest of La Payunia nature reserve. This section of the Neuquén Basin has been uplifted
with little deformation, and is bound on either side, by the San Rafael Block to the east and
by the Malargüe Fold Thrust Belt in the west.
The Payún Matrú caldera formed during a period of instability within the magma chamber.
This translated to either an over pressure or under pressure of the chamber, leading to an
annular ring fault forming around the central volcanic vent. This led to the edifice collapsing
into a void created by the eruption of material from the chamber; which is considerd to be
represented by the ignimbrite deposit which drapes the local landscape.
Only a portion of the caldera’s topographic rim is well exposed; this is located on the
southeast, east and northern sections. Much of the rim is obscured on the western side due to
more recent resurgent trachyte flows and pyroclastic air-fall deposits, predominantly pumice.
Vegetation inside the caldera rim is minimal, though small shrubs and trees are present on the
caldera’s flanks, with vegetation being most dense on the older flows.
Much of the Payún Matrú volcanic field is located within the Reserva Provincial La Payunia
which is managed by the local Malargüe Department, within Mendoza province.
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Figure 1.1. Geological map of the Payún Matrú Volcanic Field, from Hernando et al. (2012).

1.2

Previous field work around Payún Matrú

In 2001, Inbar and Risso studied the morphology and morphometrics of cinder cones
around the retro-arc San Rafael Block (Figure 2.2). Around Payún Matrú, they carried out an
analysis of the El Rengo field and Payún Los Volcanes, which are comprised of 51 cinder
cones and more than 300 volcanic vents. El Rengo field to the west of Payún Matrú is
composed of two groups, the older Guadaloso group and the younger El Rengo group. They
note the density of the cones; the erosional features and the morphometrics to determine ages
for the fields. The ages given are 1-2 Ma for the Guadaloso group, 0.020-0.050 Ma for El
Rengo and 0.001-0.010 for Ma Los Volcanes.
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Germa et al. (2010) were the first to perform K-Ar geochronology for the Payún Matrú
volcanic field. Although the early stages of Payún Matrú were not dated, the data constrain
the formation of the caldera between 168 ± 4 ka (from a sample on the inner wall of the
caldera) and 82 ± 1 ka (flow within the caldera). Hernando et al. (2012) produced a detailed
geological map of the Payún Matrú field and produced a stratigraphic column of the
volcaniclastic units for the volcanic centre. Through the identification of dusty plagioclase
crystals, un-sieved alongside heavy sieved feldspar phenocrysts and and presence of hydrous
minerals with dark dehydrated reaction rims, they conclude hybrid magmas were produced
by magma mixing and mingling between basaltic and trachytic magmas, which have evolved
within the magma chamber beneath the edifice. Along with an analysis of the major and trace
elements from pre- and post-caldera rocks, 87Sr/86Sr isotopic ratios were also measured giving
a range in values between 0.70377 and 0.70429, with the authors concluding that magmas
originated in the asthenosphere.

1.3

Aims and Objectives

This study aims to describe the magmatic and geophysical evolution of the Payún
Matrú caldera, with emphasis on how mineral textures relate to the change in geochemistry
temporally. The description of volcaniclastic units are centred around their relative age to
caldera formation, in order to provide information on the conditions of the magma chamber
shortly prior to and after the edifice-collapse event. If possible, the temporal change in
geochemistry from Payún Matrú will be related to the supposed change in dip of the underlying slab and how this effects magma generation.
The importance of mafic intrusions versus volatilisation causing over-pressure within the
chamber to initiate caldera formation will also be assessed as well as the testing of a method
which involves the estimation of SiO2 content of lava flows from the construction of crosssections of flows within a DEM (digital elevation model) as a proxy for lava viscosity.
This research project will describe the geochemical and petrological changes within the
Payún Matrú magma chamber, and propose an interpretation of its caldera formation. The
geochemical and petrological descriptions include all outcroping intrusive units of the
caldera, thereby providing a larger sample range of the magma chamber prior to caldera
formation.
-3-

1.4

Methodology

1.4.1

Sample Collection

Thirty seven rock samples were collected during a 5-day field trip in early February
2012 (Appendix A). The location (by GPS) of notable geological features were recorded in
the field, such as the strike and dip of dykes, the flow direction of lava flows and the
relationship between the sampled unit and either the underlying or overlying units (Figure
1.2a, b).

1.4.2

Thin sections

Thirty six thin sections where prepared at the University of Wollongong. Their
examination was carried out on a Leica DM2500P petrological microscope, to identify the
primary mineral abundances and textures, such as the degree of sieving, embayments and
zoning (Appendix B).

1.4.3

Geochemical analysis

From the 37 hand samples, 34 where analysed for whole-rock geochemistry. Samples
were initially pulverised in a chrome-steel ring mill until there were no identifiable crystals.
These sample powders were prepared for trace-element analysis with 5 grams of each sample
being pressed into a small aluminium cap, with 11 drops of polyvinyl acetate (PVA) to bind
them. These were dried in an oven at 65°C overnight and weighed the following day. Before
major-element analysis could occur, loss on ignition (LOI) had to be calculated. This
involved weighting approximately 1 gram from each sample into a porcelain crucible and
placing them into a furnace for 2 hours at 1050°C. The difference in the weight was the loss
of water from hydrous minerals or carbon dioxide from carbonates.
Two types of flux were used for the major-element analysis. They were 100% lithium
metaborate and 1222. For samples which required the 100% lithium metaborate fl
of sample with 2. g of
re iring

,

mg

lithi m metaborate were weighed o t with other samples

mg of sample with 2. g of 222 fl

, all of which were placed into platin m

crucibles. The crucibles, containing the sample and the flux, were placed in a furnace where
the temperature was raised to 970oC over 1 hour, with heating steps of 70° every 10 minutes.
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A single NH4I pellet was placed into each crucible, and fusion of the sample was allowed for
another 2 minutes, with the rocker on. Following this, the samples were poured out of the
crucibles, onto a clean graphite disc with an Al plunger placed on top. The glass disc was
then placed on a hot plate and allowed to cool slowly over night, which limited the likelihood
of the glass samples breaking. Samples were then stored in a desiccator cabinet and awaited
analysis in the x-ray fluorescence (XRF) spectrometer.

1.4.4

Geophysical Interpretation

The dimensions of the topographic rim were calculated in order to demonstrate the
approximate circular nature of the sub-volcanic magma chamber. The dimensions of the
caldera’s rim are tho ght to represent the shape of the nderlying magma chamber, with this
being demonstrated by analogue sand-box models. As the edifice of the volcano collapses
into the chamber, reverse faults form, from the top of the chamber to the surface. With further
evacuation of the chamber, outward dipping normal faults form. Because of this, the shape of
the topographic rim of Payún Matrú represents the approximate shape of the underlying
chamber.
The strike of five dykes were taken in the field; these were visible on the inner walls of the
caldera. All five of the dykes were located within the northeast quadrant of the caldera; postcaldera deposits obscure the other wall of the caldera, making the identification of dykes
impossible. Because of this, there were insufficient data to determine the dominant trend of
the dykes.
The method, which involves the estimation of the SiO2 content of lava flows derived from
their physical characteristics, was carried out on 30 flows around Payún Matrú. This volcanic
field is one of the best locations on Earth to carry this out, due to the range of lava
compositions within a narrow age range. The selection of the flows was carried out visually
on Google Earth, where polygons were constructed and exported as KML files to ArcMap.10.
The measurement of physical characteristics was obtained from the construction of crosssections of the lava flows and the adjacent slope in GeoMapApp, a program which combines
data from the Global Multi-Resolution Topography (GMRT) of seafloor bathymetry and
more importantly, the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER), which provides stereoscopic (three-dimensional) images and detailed digital
-5-

elevation models (DEM). ASTER DEM has a spatial resolution of 15m, with errors in height
less than 30m for

of the globe and a mean error of 27m.

Sixteen of the 30 flows were identifiable in the DEM, due to their high relief. Each flow was
divided into three along-flow portions, the first being the closest to the vent from which it
originated. Within these portions, the average flow thickness, flow width and levee width
were determined, and using the overall length of the flow, with the angle of the underlying
slope, the yield strength and subsequent SiO2 content were calculated. Three equations from
Bastero et al. (2006) were tested against 3 samples with known SiO2 wt % (Hernando et al.,
2012). The equation which gave results closest to the measured values across three lava flows
was then used (Appendix C).

Figure 1.2a. Location of rock samples. For a description of the rock types in the

legend, see Figure 1.2b.
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Figure 1.2b. A more detailed location map of the field relationships between rock
samples collected for this research project, and the caldera’s topographic rim.
Background is the SRTM elevation model.The highest point in the frame is 3640m
and the lowest point is 1200m. See below for classifications:
-

Pre-caldera flows (Pre-CF)

-

Pre-caldera dykes/intrusions (Pre-CDI)

-

Syn-caldera ignimbrite (Syn-CI)

-

Post-caldera mafic flows (Post-CMF)

-

Post-caldera blocky flows (Post-CBF)

-

Post-caldera vitreous flows (Post-CVF)

-

Extra-caldera flows (Ext-CF)
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CHAPTER TWO
Regional Geology
2.1

The Andean Orogeny

The Payún Matrú caldera is located in the Quaternary retro-arc Payunia volcanic
province which covers an area greater than 40 000 km2 between 34° and 37° South latitude
(Ramos and Folguera, 2011).Within this province, lies the Payún Matrú volcanic field, a late
Pleistocene to Holocene basaltic plateau, which is dominated by two large polygenic volcanic
centres, Payún Matrú and Payún Liso, as well as the highest density of volcanic centres in the
world, with more than 300 eruptive centres in the 5200 km2 field alone (Germa et al., 2012).
The retro-arc setting of the field is the result from the shallowing of the subducted Nazca
Plate, during the Late Miocene. This resulted in the main Andean volcanic arc migrating east
to the retro-arc basins, and the establishment of a contractional regime for the period of the
shallow slab angle (Kay et al., 2004). This change in subducted slab geometry is common
along the Andean cordillera, which results in a cyclic west-east movement of the volcanic arc
over time and the superimposition of extensional features such as normal faults, atop earlier
thick- or thin-skin fold-thrust belts (Ramos and Kay, 2006; Kay et al., 2006; Ramos, 2009b).
The Andes are located along the 8000 km western edge of the modern South American
contential margin. The history of this margin is complex, with evidence of accretions,
collisions, and subduction of different types of oceanic crust dating back to the break-up of
Rodinia, in the Mesoproterozoic (1000 Ma-750 Ma) (Cordani et al., 2003; Ramos, 2009b).
The basement along the length of the Andean cordillera is composed of a series of basement
blocks, which were accreted on to the margin, during earlier orogenies, such as the Terra
Australis accretionary orogeny, during the early Palaeozoic. The Chilenia terrane is
considered to reside beneath the Payúnia volcanic field and is described as being of
Grenvillian affinity. Terranes of this affinity were once a part of mobile belts, which were
active during the formation of Rodinia, ~ 1000 Ma ago (Teixeira et al., 2007) (Figure 2.1).
Work carried out by Chernicoff (2004), indicates that the basement below Payún Matrú is
most likely Chilenia, with a major west-dipping thrust immediately east of the volcanic field.
This is considered to represent the suture between the eastern edge of the Chilenia block and
Cuyania, a composite terrane of similar age, and also known as the pre-cordillera (Ramos,
2009a). Chernicoff (2004) utilised aeromagnetic surveys to map lithomagmatic domains
-8-

which comprise zones with similar magmatic signatures and are commonly bound by major
faults or fractures which are represented by abrupt changes in the magnetic signature. They
propose a dominant lithology of trondhjemite for the Chilenia terrane.
Trondhjemite is a term describing a leuco-tonalite, this is to say a tonalite which has a higher
proportion of felsic minerals, relative to darker mafic minerals. Trondhjemites are more sodic
than other granites and have little to no potassium feldspar. Trondhjemite is common in some
pre-Cambrian terranes due to the partial melting of a thick basaltic province (Rollinson,
2008). This mafic protolith of the Chilenia terrane could be explained by its relationship to
the Grenvillian orogeny and the subsequent formation of Rodinia.
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Figure 2.1. Basement terranes of the Andean Cordillera (from Ramos, 2009a). Histograms
provide the most likely ages for the terrains from the dating of U/Pb ratios in zircons.
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2.2

The Gondwanide Margin

The break-up of the Proterozoic supercontinent, Rodinia, from 950 Ma-600 Ma,
comprised succession of events that were synchronous with the amalgamation of Gondwana,
930Ma - 880 Ma (Cordani et al., 2003).
The South American continent was part of west Gondwana at this time and along the western
margin, the Terra Australis accretionary orogeny was active since the Cambrian. This
orogeny signifies the initiation of subduction along the western margin. During the break-up
of Rodinia, the Chilenia and Cuyania basement blocks were rifted off with the detachment of
Laurentia from Rodinia (Ramos, 2009a).
These terranes are now described as being para-autochthonous, as they returned to the
continent from which they were initially rifted. The Cuyania terrane, also termed the precordillera, accreted onto the west Gondwana margin during the Mid-Ordovician or the early
to Mid-Devonian (Ramos, 2009a; Acenolaza et al., 2002). Docking of Chilenia occurred after
this, in the early to Middle Devonian (Bahlburg et al., 2009; Ramos, 2009a). The subduction
of oceanic crust between Chilenia and the overriding plate, Cuyania, is represented by the
high-pressure Garguaraz complex, composed of sediments from the subducted Iapeus Ocean.
This complex crops out southwest of Mendoza, Argentina (Lopez et al., 2009).

All of these Early Palaeozoic terrane accretions onto the western Gondwana margin were part
of the Terra Australis accretionary orogeny. This orogeny was present along the boundaries
of both western and eastern Gondwana and extended from the northeast coast of Australia,
through the Transantarctic Mountains, and along the west coast of South America, over a
distance of some 18,000 km with an across-strike width of up to 1600 km (Cawood, 2005).
The end of this major subduction orogeny in the Andean sector was signified by the PanPacific Gondwanide Orogeny and the subsequent formation of Pangaea. Many of the
volcanic products from these early orogenies have been destroyed by subsequent processes
(Glondy et al., 2006).
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Figure 2.2. Western Argentina, Mendoza Province. Adapted from Varekamp et al.
(2006) Giambiagi et al. (2008) and Folguera et al. (2009).
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2.3

Andean Cordillera

The Gondwanide Orogeny commenced in the Carboniferous ( 318 Ma) and followed
the Early Palaeozoic Terra Australis accreationary orogeny. This orogenic cycle continued
until the Triassic (251 Ma), when a geochemical change from crust-dominated to more
mantle-dominated magma sources signified the creation of the Andes in the early Mesozoic
(Glondy et al., 2006). During this time, the Andean margin between what is now 35o-39o S
latitude, experienced more of a strike-slip regime, with little evidence for slab subduction.
Towards the end of the Jurassic (146 Ma), subduction was initiated. With a steep subduction
angle of the down-going plate, the overriding South American plate experienced regional
thermal subsidence. This proto-Andean Cordillera resembled an island arc, with thick
sequences of deep, shallow and continental sedimentary facies and volcaniclastic rocks
deposited on the South American plate and which are now recognised as the basal units for
the Neuquén Basin (Veiga et al., 2005).
The entire Payunia volcanic province is located on the Neuquén Basin, which is 120 000 km2
and 4000 m thick. The basin stratigraphy can be divided into three distinct groups, in
chronological order they are; 1. A synrift stage; sediments deposited in fault-bound troughs;
and half grabens associated with the Jurassic extensional stage. 2. The post-rift stage;
flooding of the basin with a sea-way present between it and the palaeo-Pacific ocean; and 3.
the Cretaceous foreland phase; compressive regime with continental depocentres controlled
by fold-thrust belts, volcanic activity and the opening of the South Atlantic Ocean plates
(Zerfass et al., 2004; Veiga et al., 2005; Ramos and Folguera, 2005). The basin is the largest
onshore hydrocarbon province in South America. In close proximity to the Payún Matrú
volcanic field is the Cerro Fortunoso oil field, which is located on the western boundary of
the Payunia Nature Reserve, 20 km northwest of the Payún Matrú caldera (Figure 2.3) The
Cerro Fortunoso oil field is located within the Cerro Fortunoso anticline, an asymmetric, west
verging structure located in the Malargüe Fold and Thrust Belt, a Cretaceous to Late Miocene
regional structure (Giampaoli et al., 2003; Giambiagi and Mescua., 2012).
The Payún Matrú volcanic field is located on an uplifted portion of the Neuquén Basin, which
is bound to the west by the Malargüe Fold and Thrust Belt and to the east by the San Rafael
Block (Figure 2.3). Both of these systems are the result of shallowing of the Nazca Plate
during Late Miocene times and are a combination of thin- and thick-skin tectonics. The
compressional setting, which lasted from the Late Miocene (15 Ma) to 2 Ma, was the result of
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a shallow slab subduction angle which is known as the Payunia flat slab (Kay et al., 2006;
Folguera et al., 2011).
The Malargüe Fold and Thrust Belt is located between 35o-36o S, is at the foothills of the
Cordillera Principal and is characterised by reactivated high-angle normal faults, which
formed during the Triassic to Middle Jurassic and extend down into the Proterozoic basement
(Mescua and Giambiagi, 2012). The reactivation during the compressional setting in Late
Miocene times resulted in the inversion of these high-angle faults, and the subsequent folding
of younger Neuquén Basin sediments (Giambiagi et al., 2008). Further to the east in the
foreland position, also between 35o-36o S, resides the San Rafael Block. A large décollement
lies beneath the central undeformed areas, where the Payún volcanic field is located. Where
this deep seated décollement reaches the surface, the east-verging asymmetric San Rafael
Block is apparent (Folguera and Ramos, 2011; Folguera et al., 2009) (Figure 2.2 and 2.3)
The eastern margin of the block is still actively shortening, indicated by the large Malvinasa
earthquake in 1929. This thrust front is expressed by a monocline developed in Pleistocene
basalt (Ramos and Kay, 2006). From 17 Ma-4 Ma, the volcanic arc migrated from the main
Andean Cordillera to the eastern margin of the San Rafael Block, 500km from the trench
(Folguera et al., 2009).
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Figure 2.3. The Payún Matrú volcanic field. Adapted from Inbar and Risso (2001a);
Marzzarini et al. (2008); Germa et al. (2010) and Hernando et al. (2012).
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2.4

Quaternary Retro-Arc Volcanic Rocks

During the Pliocene, following the contractional setting, lavas and volcaniclastics
were erupted in conjunction with the extension of the retro-arc and the collapse of the
uplifted San Rafael Block (Ramos and Kay, 2006). North-northwest Quaternary normal faults
were superimposed on the earlier thrust systems; in some circumstances, these faults control
the formation of Neogene and Quaternary volcanic chains along the eastern border of the San
Rafael Block (Folguera et al., 2009).
Kay et al. (2006) propose a steepening of the slab from a combination of structural
information and the geochemical signatures of volcanics in relation to their position spatially
to the San Rafael Block volcanics further to the east, and to recent mafic andesites at the
foothills of the Cordillera Principal. The limits of this section of the slab at the northern end
of the Llancanelo volcanic field (34°S) and the Cortaderas Lineament (37°S) to the south
(Ramos and Kay, 2006).
The slab is thought to have reached is most shallow point, around 8 -5 Ma. During this
period, there was a change from melts with a lack of subduction-related geochemical
signatures (ocean island arc basalts) through to melts with high incompatible-element ratios.
Further evidence is shown by basaltic andesites present 500 km from the trench, with the
geochemical signature of a dehydrating, shallow-dipping slab, with minimum pressure in the
overlying slab (Kay et al., 2006).
Since 5 Ma, the geochemical signature of the magmatic rocks in the retro-arc changed again.
With the magmatic arc moving back towards the west with large mafic basaltic to andesitic
lavas erupting on the western edge of the Cordillera and alkaline magmas erupting in the
middle of the retro-arc to form the Payunia volcanic province (Kay et al., 2006; Ramos and
Folguera et al., 2008; Folguera, 2011). Volcanic rocks in the back to middle arc, such as in
the Payunia volcanic province, are the result of a melting of an hydrated mantle, or a ‘wet
spot’ which wo ld have occurred when the slab was shallow, and has since began to melt
with the influx of hot asthenosphere between the downgoing slab and the overriding plate.
The magmas’ geochemical signatures exhibit flat rare-earth signatures and low La-Yb ratios,
indicating minimal evolution of a primitive melt (Ramos and Foguera, 2005; Kay et al.,
2006).
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2.5

Payunia Volcanic Province

The Payunia volcanic province is located between 35° and 37° S. The dominant
lithology of the province has been described as being composed of early hornblende-bearing
mafic andesites to rhyodacites with later basaltic flows with an alkaline within-plate chemical
signature (Kay et al., 2004; Ramos and Kay, 2006; Ramos and Folguera, 2011). Folguera et
al. (2009) divide the province into two separate volcanic fields, Llancanelo and Payún Matru,
which are distinguished mainly by Ar-Ar dating, with four distinct eruptive periods 5.1 Ma 2.6 Ma, 2-1.5 Ma, 650-100 ka and a fourth recent one in the Holocene. The Payún Matrú
caldera was built during this third period, with Germa et al. (2012) suggesting an age of 150
ka.

2.5.1

Payún Matrú volcanic field

Within the Payunia volcanic province, lies the Payún Matrú volcanic field, covering
5200 km2 with the trachytic Payún Matrú caldera and Payún Liso andesitic cone being the
dominant features. More than 300 monogenetic cones are also located in the field, which
represents the highest density of cinder cones per square kilometre on Earth. East and west of
these two volcanic edifices are two separate volcanic fields which are predominantly basalts
and trachybasalts which contain abundant olivine in the groundmass and as phenocrytsts
(Figure 1.1 and 2.3). These fields differ not only in mineralogy from the volcanic centres,
which are composed of more evolved trachytes with minor occurrences of intermediate
flows, but also in their time of eruption. Much of the eastern field was active during the
Pliocene, with Payún Matrú and Payún Liso built during the Pleistocene and the western
field, or Los Volcanes, being active from 0.32 ± 0.05 ka until recently (Gudnason et al.,
2012). The location of the volcanism within the Payún Matrú volcanic field can be explained
by the 70 km-long east-west La Carbonilla Lineament. Not much is known about this
lineament, though Marzzarini et al. (2008) speculate that it was formed during an early
Pleistocene east-west compressional setting.
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2.5.2

Early basaltic flows

This portion of the field lies immediately to the east of the Payún Matrú caldera. The
earliest volcanics are believed to have erupted in the early Pleistocene (2.4 Ma) and are
represented by pre-caldera basalts (Hernando et al., 2012) which were originally called La
Nariz Andesite and Trachyandesite unit and the Morados Grandes Basalts by Llambias in
1966. The top of these units is marked by the deposition of the thick Portezuelo Ignimbrite.
This ignimbrite represents the only important local eruption and thus coincides with Payún
Matrú caldera formation (Hernando et al., 2012).
Inbar and Risso (2001a) compare the characteristics of monogenetic cinder cones throughout
the region based on their slope angle, basal width and crater diameter. They distinguish two
major groups within this eastern sector, the Guadaloso and El Rengo groups and Los
Volcanes group in the west. The Guadaloso group is composed of a few large monogenetic
centres (4 centres were surveyed) with diameters of more than 1km and relative heights of
100-300 m. Inbar and Risso (2001a) suggest an eruptive age of Early to Mid-Pleistocene (1-2
Ma), which would associate them with the early pre-caldera basalts or La Nariz andesites and
trachyandesites and the Morados Grandes Basalts. El Rengo group, on the other hand, are in
closer proximity and in some cases are on the eastern flank of Payún Matrú, with 14 centres
surveyed. These cones belong to the later post-caldera basalts (Hernando et al., 2012) with
Inbar and Risso (2001a) utilising the logarithmic relationship between slope angle and time to
suggest an eruptive period of 50-20 ka. El Rengo group is also suggested to be similar to the
Tromen group (a retro-arc volcanic plateau, west of the Payunia province) and the Los
Volcanes (which make up the western volcanic field). Some of these latter centres are less
than 1 ka in age and whose eruptions were noted by local Indian tribes.
In regards to the dominant mineralogy of these early flows, Marzzarini et al. (2008) indicate
that the flows are predominantly olivine basaltic in nature which led to the formation of
compound and single pahoehoe-inflated very long lava flows. Some of which are recognised
as the longest Quaternary lava flows on Earth, with the Pampas Onduladas flow and Los
Carrizales lava field flows reaching 180 km in length (Giacomini et al., 2009).
These pre- and post-caldera flows radiate from La Carbonilla Lineament, in a north-northeast
fashion on the northern side of the fault, and south-southeast direction on the southern side.
The relationship between vent location and La Carbonilla Lineament is more obvious for the
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younger flows, due to the obscuring of vent locations of the pre-caldera flows by the
deposition of the thick Portezuelo Ignimbrite.

2.5.2

Payún Matrú and Payún Liso

After this initial period of basaltic shield and cinder cone formation on the eastern
portion of La Carbonilla Lineament, volcanic activity was then concentrated in the central
sector of the fault, the present location of Payún Matrú. The caldera`s topographic rim which
is 9 km x 7 km, is dominated by post-caldera cinder cones and pumice deposits which
obscure the eastern and southeastern proportion of the rim. On the northern to southwestern
side, a 450 m high scarp is preserved, the high point being La Nariz (Hernando et al., 2012;
Germa et al., 2012).
Payún Matrú represents a polygenetic stratovolcano composed of trachytes and vitreous
trachytes, which are not seen elsewhere in the field. Likewise, primitive basalts which are
rich in olivine are not seen within the region of the caldera. Early products associated with
the primitive stratovolcano are located at the base of the western inner caldera wall. This unit
is composed predominantly of trachyte which exhibits a scoria-like texture.
Trachyte domes and dykes outcrop along the well preserved western and northern walls of
the inner caldera. These dykes do not exhibit an east-west trend to any great degree, which
would signify an east-west compressional regime during the formation of the volcano.
Instead the five dykes, which were identified during field-work, radiate from the caldera’s
centre. Domes emplaced into the volcano’s flanks are also present, with the largest being
visible in the caldera’s so th-western rim. The structure of this dome suggests it formed as a
plug with an evident central feeder dyke. Numerous small fractures have formed in a vertical
orientation. These may have been the result from the collapse and sudden change in primary
stress in caldera formation, or the renewal of pressure from the feeder dyke after the dome
had solidified. These dykes and domes cross-cut pre-caldera volcaniclastic rocks which have
been dated by Germa et al. (2012) at 168 ± 3 ka, using K-Ar dating methods.
Descriptions of the rock units by Hernando et al. (2012) are categorised as either pre-, syn-,
or post relative to caldera formation. Hernando et al. (2012) suggest the process of magma
mixing within the caldera region, from the lack of basaltic units within the region of the
caldera and the formation of dusty zones on plagioclase phenocrysts which form when they
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are in the presence of a less sodic melt. More coarse sieve textures (glassy inclusions in the
phenocryst) on the plagioclase phenocrysts are also observed; these could result from the
mixing of magmas, or the liberation of volatiles from the chamber. The former is thought to
be the case as sieved and un-sieved phenocrysts commonly occur side by side. Other signs of
magma mixing are demonstrated by the presence of reaction rims on biotite phenocrysts.
These can occur when there is a change in the H2O content or a pressure.
This process of magma mixing could have had been the instigator of the explosive eruption
forming the caldera and the Portezuelo Ignimbrite, though many of the disequilibrium
textures seen in the pre-caldera rocks are not seen in this widespread ignimbrite unit.
Hernando et al. (2012) suggest the upper portion of the chamber might not have been
involved in the deeper basaltic/siliceous magma mixing, although no other mechanism for
caldera formation is mentioned.
Payún Liso or Payún volcano, 8 km to the south-west of the Payún Matrú caldera, stands
1800 m above the basaltic plateau, with the much of the eruptive material being distributed
evenly on its slopes, to give a conical shape. The dominant composition is much the same as
the intermediate Payún Matrú, with trachytic and trachyandesisitc flows prevalent. A detailed
analysis of the petrology by Germa et al.(2012) concluded that the flows could be
distinguished into two groups; the first being rocks with a groundmass of mostly glass, with
small, although numerous phenocrysts (20-25%); and the second being medium to coarse
grained rocks, with 5-10% phenocrysts of mostly plagioclase and minor sanidine.
Germa et al. (2012) constrained the formation of Payún Liso between 272 ± 5 and 261 ± 4 ka.
The volume is estimated to be 40 km3 which was erupted over the 11 ka interval. This
eruption rate of 4 x 10-3 km3 a-1 is substantially higher than other centres in the area (0.3 x
10-3km3 a-1) with the authors comparing the eruptive rates with two younger volcanoes from
the Tatara-San Pedro volcanic complex, which is on the main Andean range at the same
latitude as the Payún Matrú volcanic field. This is believed to be the result of an extensional
setting in the retro-arc, which would also lead to the thinning of the crust, allowing melts to
rise at a relative fast rate. This rapid rise in magma is also seen elsewhere in the retro-arc
region of central-west Argentina. Bertotto et al. (2006) demonstrate the rapid ascent of
magma from the presence of mantle xenoliths in Hawaiian-type eruptions amongst the
smaller, structurally controlled cinder cones. The nature of Hawaiian-type eruptions is of a
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rapid ascent of magma from the vent to form molten glassy bombs, compared to slower
Stombolian eruptions, which allow the erupted magma to cool into cinder and blocks.

2.5.4

Los Volcanes Field

Los Volcanes field is located on the western proportion of La Carbonilla Lineament.
The distribution of strombolian cones, trending in an east-west direction clearly illustrates the
relationship between volcanic centres and the fault (Figure 1.1 and 2.3).
The oldest of the flows identified by Germa et al. (2012) is described as being 233 ± 0.05 ka
in age. This flow reached the low point of the Rio Grande, which represents the western limit
of the Payún volcanic field. Though this flow may have initially dammed the river, due to
erosion on the western limit, a younger flow, 26 ± 5 ka has also flowed to this low point,
damming the river. Fine-grained lac strine sediments are present high on the modern river’s
banks, incised and abandoned as the river cut through the basaltic dam.
Los Volcanes is thought to represent a more primitive melt compared to the lavas within the
region of the caldera. Hernando et al. (2012) describe these flows is the second suite of flows
in the basalt field, being post-caldera, and are of El Ringo group, which was described by
Inbar and Risso (2001a). Though many of the pre-caldera basalt flows are compound flows
with smooth pahoehoe morphology, these later flows exhibit rough aa surfaces, with
rudimentary levée and lava channel formation. Thus much of the early pre-caldera flows in
Los Volcanes have been covered by post-caldera aa flows. Due to the age of these flows and
scoria cones (26 ± 5 ka-Holocene), vegetation on their slopes is limited.
Germa et al. (2012) illustrated with the analysis of K2O + Na2O vs SiO2 and further
comparisons between SiO2 and other major oxides, that the basalts in Los Volcanes field were
subjected to only slight fractionation, with the removal of ferromagnesian minerals and
oxides. This is thought to be the result of a fast vertical movement of melt though the crust
due to the deep-seated fracture zone. Hernando et al. (2012) describe the petrology of the
post-caldera basalts as micro-porphyritic, mainly composed of plagioclase and olivine with
minor clinopyroxene. In Los Volcanes field, fresh 2mm olivine phenocrysts (5% of the
groundmass) is markedly higher than basalts of similar age located elsewhere, such as those
on the eastern field. The authors make it known that the difference in the content of
phenocrysts is not correlated with the chemical evolution of the basaltic units due to the
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Sr/86Sr isotopic ratio of all the basalts and trachytes lying close to the mean mantle values of

0.704 and the linear trends in the TAS and Harker diagrams for major elements.
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CHAPTER THREE
A Review of Polygenetic Volcanoes

3.1

Introduction

3.1.1

Overview

Polygenetic volcanic centres may also be referred to as strato- or composite
volcanoes, though both of these terms may also be refer to large shield volcanoes, with strata
or ‘layer cake’ str ct re, and all continental volcanoes can be described as being composite in
one way or another (Williams and McBirney, 1979). Therefore, throughout this research
project, the volcano which was present before the Payún Matrú caldera formed will be
referred to as a polygenetic centre.
The nature of the volcanic products from central vents is responsible for the angle of repose
and conical shape of many volcanoes. Basaltic products which form lava flows are generally
thickest near their vent, and pyroclastic deposits grade away from the vent, with coarse
material being found in close proximity, and fine material dispersed over a larger distance.
Both of these contribute to the centre of the volcano being built at a faster rate compared to
more distal areas, leaving the sides with a concave profile (Williams and McBirney, 1979;
Cas and Write, 1987).
Most of the world`s polygenetic volcanoes are located on the margins of tectonic plates. The
direction of the principal stress at these margins is responsible for the varying styles of
volcanism, whereby an extensional regime allows magma to easily move to the surface, and
slower rates of magma migration, or the absence of magma is associated with regional
compression (Canon-Tapia and Walker, 2004; Galland et al., 2007). Though this may be the
case, in some instances, many large polygenetic volcanoes which are associated with
voluminous basaltic activity are constructed in areas which experience tectonic contraction.
Volcanoes such El Reventador, in the sub-Andean zone near Colombia (Tibaldi, 2005),
Tromen volcano, an active back-arc volcano in the Andean foothills of Neuquén province,
Argentina (Galland et al., 2007), the Diamante volcano, a main Andean arc volcanic centre
on the Chilean and Argentine border (CCDB, 2012) and the Cerro Aguas Calientes caldera,
NW Argentina (Petrinovic et al., 2010) are all located on regional lineaments, which are
interpreted to allow magma ascent in a compressional regime. The relationship between
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polygenetic volcanoes and lineaments is not fully understood (Gudmundsson and Phillips,
2006).

3.1.2

Early models for polygenetic volcanism

All polygenetic volcanoes are under-pinned, at least one point in their life, by a subvolcanic magma chamber. Early works attempt to categorise and explain volcanic systems
based on their locations, surface morphology and the estimated lava flux over the life cycle of
that volcano. All historical and contemporary, evolutionary models proposed for volcanic
systems, can only suggest possible mechanisms for the formation and development for parts
of the entire system, such as the formation of phenocrysts in the chamber, the injection of a
primitive melt into the base of this chamber, or a broad explanation for the interaction of
these systems. All models are developmed from the interpretation of results, to make
generalised assumptions. These assumptions may only apply to a single chamber, or volcanic
centre, a volcanic field or a proportion of an arc as there are many uncertainties and
generalisations in every model.
An early proposal for the relationship between volcanic evolution and the flux of magma was
that of Wage (1982) wherein the author describes polygenetic volcanoes as a function of their
average magma eruption rates or magma flux. The author argues that the magma fluxes
observed on the s rface, which are responsible for the volcanoes’ str ct re, are a direct res lt
of an underlying sub-volcanic magma chamber, which receives magma from a deeper source
purely based on the buoyancy of the melt.
Based on this ‘steady state rate’ of er ptive material from the shallow chamber, 5 types of
volcanoes are described. They include, Type 1: where a continuous supply of magma from
depth is erupted at the surface, with minimal influence from a sub-volcanic magma chamber.
Type 2: small pluses of magma rise from depth and are erupted immediately. Type 3: longer
periods of inactivity are suddenly followed by large eruptive events. This allows time for the
sub-volcanic chamber to evolve, resulting in more siliceous products. Type 4: where there are
long periods of sustained activity and a subsequent quiescent period, this assumes the shallow
chamber has been drained, and type 5: where magma is lost from the system completely, and
activity ceases.
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This categorisation is based on the historic observations of polygenetic volcanoes, such as
Etna, Mauna Loa and Santiaguito. The classification does not address the apparent continuum
of varying volcanic products from a volcanic centre over its life.
Later, Marsh (1989) considered the possible conditions experienced in the magma chamber.
The author notes, that volcanoes may be poor indicators of the size of their underlying
magma chamber, as they only represent one phase of activity over the life of the system.
Many observed plutons correspond to a former, now ended volcano of a particular size. This
implies that the injection of more primitive magma into the base of the chamber is
imperative.
This replenishment of the chamber is similar to the suggestion of Murata and Richter (1966).
Here the authors demonstrate, with truncation curves of the of Kilauea lava composition, that
with a large eruptive output, the higher the MgO content, which in turn, determines its
phenocryst content at the moment of emplacement or eruption. In other words, the authors
suggest that the growth of phenocrysts in the magma is linked to the nature of the transport of
the magma. In this, the authors illustrate that the earliest explanation for magma chamber
growth and subsequent eruption could be explained by the relationship between the
increasing SiO2 content with a decrease in MgO content.
An attempt to link several of these earlier ideas, and relate them to locations along volcanic
arcs and remote hotspots included the work of Walker (1993). Again, the author suggests
magma influx into the sub-volcanic magma chamber, though he considers that this follows
the eruption of material instead of the opposite.
Walker (1993) puts forward an explication for the mechanisms between the monogenetic and
polygenetic volcanoes. They included the two principal controls, namely the time-averaged
magma-supply rate and the modulation frequency of the supply. In polygenetic systems,
batches of magma move upward along existing pathways, whereby the pathway or conduit
walls maintain a substantial amount of heat, which in turn provides the magma a thermally
and mechanically favourable pathway toward the surface. Monogenetic systems, which are
associated with cinder-cone fields, basaltic shield volcanoes and flood-basalt systems,
experience significant time periods between the ascent of magma batches, as the conduit
through which the previous batch passed, has cooled. New batches of magma subsequently
have to form new pathways to the surface.
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Walker (1993) also suggests that the mechanism for the movement of melt from the magma
chamber to the surface and from the deeper source is from buoyancy alone.
Halliday et al. (1983) described the evolution of Mt St Helens, Washington, USA. The
authors demonstrate (with Sr and Nd isotopic ratios) that the early volcaniclastic products
were derived from a uniform reservoir, with negligible assimilation of rocks with any isotopic
contrast. During a later period of activity (2.5 ka – 1 ka), the siliceous reservoir was injected
with mantle-derived basalt. This injection of a hotter mafic melt was responsible for further
melting of the continental crust, which caused a spike in the 87Sr/86Sr ratio. They conclude by
noting the bulk chemistry of the Mt St Helens lavas is related to the mixing of material
derived from a source with high 87Sr/86Sr, such as the continental crust, with mantle-derived
magma. However, the relationship could be direct, in terms of components added, or indirect
in terms of the fractionation of magma which has undergone significant cooling as a result of
interaction with colder crust, or, most likely, a combination. This lack of ability for
volcanologists to distinguish between the degree of assimilation or fractional crystallisation
remains apparent today.

3.2 Development of Volcanic Systems
3.2.1 Initial magma source
Though magmas are generated in a number of environments and plate settings, such
as rift margins, hot spot or mantle plumes; here we will be most concerned with arc-related
magmas due to the setting of the Payún Matrú caldera in the retro-arc of the Andean
Cordillera.
Magma which is responsible for continental-arc formation is derived from the mantle wedge,
which is located between the down-going oceanic plate and the overriding continental plate.
In some instances, the melt may arise from the direct melting of oceanic floor basalts and
sediments atop the down-going slab. The melting of the mantle wedge is driven by the
addition of volatiles which originate from the down-going slab (Henderson, 1984; Tatsumi
and Eygins, 1995). These volatiles, namely H2O, with minor CO2, are thought to represent no
more than 0.1 wt % in normal mantle material, with the mantle present at subduction zones
thought to be much higher than this (Winter, 2001; Grove et al. 2012).
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Evidence for H2O in the wedge is supported by the presence of hydrous minerals in mantle
xenoliths, such as phlogopite (magnesium end member of biotite) and amphibole and the
enrichment of hydrophile trace elements, or large-ion lithophile elements (LILE) such as B,
Rb, Cs, Sr, Ba and U relative to fluid-immobile elements (Arculus, 1994). The addition of
H2O from the breakdown of amphibole at 70km depth and phlogopite at 90km depth, lowers
the solidus temperature of dry peridoite, allowing for a small amount of melt to form. This
melt is less than 1% of the surrounding rock mass due to the small amount of water
(Rabinowicz et al., 2001) (Figure 3.1).
This melt within the mantle wedge is apparent from the occurrence of a seismic low-velocity
zone (LVZ) at 60-220 km depth, whereby S-waves are still permitted, though there is a
slowing down of both P- and S-waves (Rabinowicz et al., 2001). Matsushima (1989) states
that this is ass med to be at

o

C, which corresponds approximately to the solidus of wet

peridotite. The author suggests that the melt in the zone is distributed at random in globules
due to the observed velocity decrease of ˃

from the normal velocity distribution.

Rabinowicz et al. (2001) suggest there are three stages to the formation of these sublithospheric melts; they occur at melt concentrations of about 5%, 20%, and 40%,
respectively. The first threshold corresponds to the establishment of full interconnectivity of
the inter-granular melt, the second to the formation of a very dense suspension of crystals and
the last, to the development of crystal clusters in the suspension.
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Figure 3.1. Cross section through a subduction zone, with a slab dip of 30°. HNW, hot nose of the
wedge; OC, oceanic crust; SWI, slab-wedge interface. A B and C represent areas where separate
hydrous minerals are found. A: The breakdown of several hydrous minerals (serpentine, chlorite
and amphibole). B: H2O-rich fluid is supplied by the breakdown of chlorite and C represents the
limit of H2O-bearing minerals. Removal of large-ion lithophiles leaves the wedge relatively
enriched in high field-strength elements, which are not mobile in aqueous fluids. From Grove et
al. (2012).

3.2.2

Mechanisms for magma ascent

Two dominant forces drive the vertical ascent of this melt, they are hydraulic
fracturing and the relative buoyance of the melt compared to the country rock. The former,
hydraulic fracturing, is now thought be responsible, with Canon-Tapia and Walker (2004)
and Bons et al. (2001) suggesting the magma ascends through hydro fractures and that the
viscosity of the magma is the primary rate-controlling factor. Canon-Tapia and Walker
(2004) state that the initial melt, present in the mantle wedge or LVZ must be at least 10km in
height, in order to build the required hydraulic head to fracture the overlying rock, which
would be greatly influenced by its ductile-brittle nature and with the presence of a central
veinlet on the order of centimetres wide, which would source melt not only from a shallower
level, but also laterally (Figure 3.2).
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Figure 3.2. The main components of any volcanic system. LNB = level of neutral buoyancy, LVZ
= low velocity zone. From Canon-Tapia and Walker (2004).

Though the theory of Canon-Tapia and Walker (2004) does not suggest a mechanism for the
ascent of magma through the crust, it illustrates how monogenetic and polygenetic volcanoes
are the direct result of separate ascent styles. Three mechanisms are outlined, are as follows:
The first mechanism, involves a continuous pumping of magma from the deep reservoir until
it reaches the surface. This process assumes the principal stress is vertical, which would be
seen as an extensional regime. The eruption of magma will continue until the melt in the
reservoir has been exhausted, or there has been a drop in the hydro pressure at depth.
Monogenetic scoria cones and fields are commonly associated with this type of magma
supply.

The second entails much the same process, though the regional stress differs with depth. Here
the vertical propagation of magma is favoured at depth, with the principal stress being
vertical, though, as the melt rises, it encounters a stress normal to the direction of its previous
direction of ascent and hydro fracturing. This forms large horizontal sill structures in the mid
crust, and can be the result of a change in the state of the county rock from ductile to a brittle
nature or a change in the regional stress regime as the melt is rising.

Finally, a mechanism is proposed to explain the formation of large polygenetic centres. Here
the pressure at depth is not substantial enough to maintain the flow of magma vertically
through the feeder dyke. When a certain depth is reached, usually in the upper crust, the
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supply of melt ceases, and hydro fracturing stops. A melting of the country rock occurs where
there is still sufficient melt available at that depth. This shallow melt is not usually
surrounded by county rock with which it is equally buoyant. As the melt propagates into the
country rock, a vertical trend will develop and, in some instances, a column of crystal mush
can form (Bachmann and Bergantz, 2004). Smaller dykes will propagate towards the surface,
forming the complex conduit system seen below large polygenetic volcanic centres.
Bons et al. (2001) carried out experiments involving the ascent of water and air though a
gelatine medi m, by injecting the ‘melts’ tho gh a syringe at the base of the gelatine column.
Here they demonstrate the processes of ‘step-wise’ acc m lation of magma as a credible
explanation for magma ascent. This involves the accumulation of a melt at depth, until a
sufficient pressure is reached with initial hydro fracturing of the overlying medium. The air,
which represents the melt, then rises to the surface or until such a height where conditions
force its arrest. (Although with the air, previous batches reached slower moving ones before
total arrest occurred). In a natural system, these would include lithological transitions, shear
zones and (partially healed) fractures. Subsequent batches of air at depth preferentially
followed the path of their predecessors, with multiple batches moving at various speeds,
allowing merging. The repeated use of the same ascent path due to channelling left relatively
few traces of this ascent.
The accumulation of batches at a shallow depth, where fractional crystallisation and
assimilation may occur to modify the magma’s characteristics several times during ascent
(Cavazzini, 1996; Winter, 2001). These sites form plutons, batholiths or sub-volcanic magma
chambers, and processes characterising them will be discussed later in the chapter. Bons et al.
(2001) propose an hypothesis to explain the difference in ascent behaviour between dyke
formation and step-wise accumulation. They suggest the primary ascent and accumulation of
the primary melt from the source rock is via step-wise mechanism. This is thought to
represent the formation of a felsic melt in the crust, such as granite within the lower crust, as
there are few felsic dykes. Dykes are commonly associated with mafic melts, and here are
described as the secondary phase of ascent. The accumulation of melt over a large volume
cannot maintain sufficient pressure to keep an ascent path open, thus they are thought to
originate from a magma chamber at depth.
In comparison to the two previous theories proposed (Walker, 1993; Gudmundsson et al.,
2008) the one outlined by Canon-Tapia and Walker (2004) crudely explains, though in no
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great detail, relationships seen in the Payún Matrú volcanic field and how a large polygenetic
centre can come to evolve amongst smaller numerous monogenetic cones.

3.2.3

Shallow crustal magma chamber formation

The emplacement of large shallow sub-volcanic plutons, is suggested to occur from
the step-wise accumulation of magma, with each successive batch arrested at the base of the
previous one (Glazner et al., 2004; Anne, 2009). This idea of large, shallow plutons being
incrementally built from smaller intrusions is widely acknowledged amongst the modern
literature (Glazner et al., 2004; Wiebe et al., 2004; Menand, 2008; Anne, 2009) as well as the
various emplacement styles for each location, such as the stacking of sills or the injection of
vertical dykes (Glazner et al., 2004). The association between volcanism and plutonism is
still poorly understood with only a small proportion of plutons inducing volcanism, and it is
even rarer for them to exhibit large eruptions associated with caldera formation and the
deposition of material on the order of thousands of cubic kilometres (Glazner et al., 2004).

As illustrated previously by Bons et al. (2001), when magma is directly sourced from an
asthenospheric melt or when a deep magma chamber cannot sustain pressure to maintain an
open dyke, batches of melt rise to a point where they are arrested. Anne (2009) suggests that
the first batch stops at a level which all subsequent batches will also arrest. The small volume
of the initial batch is solidified quickly and takes on a wafer-shape or sill. Further batches of
melt are arrested by the previous sill and thus are vertically stacked to build up a cylindrical
pluton that grows vertically (Figure 3.3). The diameter of the pluton is equivalent to the
diameter of the sills. This growth is justified by the physics of sill emplacement in a layered
environment (Menand, 2008), which in the case of Payún Matrú, will be the Neuquén Basin
country rock.
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Figure 3.3. Progressive stacking of sills, to form a large shallow crustal magma chamber. From Anne
(2009).

These initial sills do not contain sufficient melt which could be extracted to form an eruption
at the Earth’s s rface. Bachmann and Bergantz (2008) suggest the melt fraction in the pluton
needs to reach 40%, before it can be extracted from the crystal mush by compaction. This
threshold is reached when there is successive accretion of sills at the bottom of the pluton and
which transfer their sensible and latent heat to the crust, and the temperatures of the whole
system (intrusions + country rocks) progressively increase (Anne, 2009).

It is recognised that many sub-volcanic chambers experience a degree of magmatic
differentiation. This involves magma becoming diverse or evolved over a period of time, with
the products of this new melt composition usually represented as a mineral assemblage with a
lower crystallisation temperature or with dominant mineral fractions which are not
representative of the original primitive melt. This is commonly termed fractional
crystallisation with the mechanical processes of extracting the residual melt from the crystal
mush which formed, known as fractionation.

A theory on how a chamber can exhibit compositional zoning is proposed by Kuritani (1999).
Here crystals form where the chamber contacts the wall due to a temperature gradient. The
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growth of crystals will increase inward to the centre of the chamber as it continues to cool.
Differences in the density within the melt will form when lighter lower solidifying mineral
assemblages are present near high density ones of higher melting temperatures. The lighter
minerals will then rise to the top of the chamber, as they have lost heavier elements such as
Mg and Fe, and are thus under the influence of buoyancy. This type of fractionation is
common when the convection currents in the chamber have ceased due to the increased
viscosity from the growth of crystals (Spera et al., 1982; Kuritani, 1999).

This evolution of a magma chamber from a primitive melt cannot be entirely responsible for
the formation of batholithic belts and even large some large sub-volcanic chambers.
Assimilation is the process of country rock being made a constituent of magma, through its
melting and eventual incorporation into the melt. Though country rock will contaminate
rising primitive melts from the mantle as they move to a shallow level, this will be minimal in
comparison due to the small amount of rising melt and the latent heat needed to melt the
country rock, which would solidify the relative small amount of melt (Bowen, 1922).

Campbell and Turner (1987) demonstrate possible conditions experienced in the chamber
with the solidifying of Na2CO3.10H2O to represent the roof of a magma chamber, and then
adding warm Na2CO3 or KNO3 below it. What they observed was the formation of the light
Na2CO3.10H2O molten layer above the lower warm liquid. This light roof layer did not mix
with the lower layer, where the usual fractional crystallization occurs in a magma chamber
occurs. The interface between the upper and lower layers still allows rapid thermal transport
vertically, so that crystallization at the floor, supplies heat to assimilate the roof, but little roof
material is incorporated in the lower layer as it crystallises.

3.3

Polygenetic Volcanic Centres

3.3.1

Intra volcano conduit

The development of dykes from a shallow magma chamber to the Earth`s surface can
be influenced by the pressure in the chamber, the viscosity of the melt, the regional stress
regime, and the magma’s volatile content. Initially, the sub-volcanic chamber must
experience over-pressurised conditions. This can be the result of a fresh batch of magma
moving into the base of the chamber or due to the build-up of exsolved gases during
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crystallisation (McLeod and Tait, 1999; Pinkerton et al., 2002; Gudmundsson, 2008;
Gudmundsson et al., 2009). Traditionally, it was thought that in order for a dyke to develop,
the chamber must inflate to a point where the chamber’s s rro nds have experienced a
tensional value (σ ) greater than the tensile strength of the wall rock (Parfitt et al., 1993).
McLeod and Tait (1999) demonstrate with the over-pressuring of a liquid reservoir in a
gelatine medium that the propagating of pre-existing filled cracks is the dominant mechanism
of dyke nucleation. This utilisation of pre-existing cracks in the country rock allows dykes to
develop at much lower pressures than those required for tensional fracturing.
Basaltic and siliceous magmas display large variations in the time taken for a dyke to
propagate, which in turn, is governed by the ability of the melt to transfer pressure from the
chamber to the advancing tip of the dyke. In more viscous magmas, such as granitic rhyolites,
the delay before dyke nucleation following a sudden chamber pressure increase can be on the
order of many years, when compared to basaltic magmas which are thought to operate on the
order of hours to days (McLeod and Tait, 1999).
Gas sat rated magmas may form a ‘gas cap’ at the tip of the dyke (Fig re . ). This occurs
when the pressure at the tip is lower than in the melt, allowing a large bubble of gas, which is
primarily CO2 and H2O, to accumulate (Parfitt et al., 1993). Maimon et al. (2012), propose
that a gas cap can form at the tip of a dyke, and when the energy needed to fracture the host
rock is low, and propagation is controlled by the magma flow rate, the gas pressure in the cap
opens the dyke in front of the magma allowing for much faster flow compared to models
which do not account for this. When the gas content is high enough, a pocket will form from
large bubbles. This allows the pressure to decrease during ascent, leading to higher
vesiculation and gas filtration through the magma into a gas cap (Maimon et al., 2012). The
importance of volatile content in magmas and how this influences eruption styles will be
discussed later in the chapter.
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Figure 3.4. Mechanisms for the growth of a dyke. From Maimon et al. (2012).

3.3.2

Regional stress regime

If a large polygenetic volcano exhibits a stress regime different from the regional
stress orientation, dykes which originate from the sub-volcanic magma chamber will radiate
outward from the centre. More often the volcano experiences a regional stress regime, which
is either compressional or extensional. Nakamura (1977) states that in a compressional
regime, dykes will initially radiate from the centre, though as these become more distal, the
change in σ will cause them to become parallel with the principal stress.
This general trend may also be reflected by the number of flank eruptions on either side of a
polygenetic centre (Figure 3.5). Nakamura, (1977) suggests that the formation of calderas in a
compressional regime is located on either dextral or sinistral transverse faults, with the
aligning of flank eruptions associated with the faults, allowing easy passage for a magma to
the surface from a deep reservoir and the general trend of dykes aligned with the fault in that
regime. The alignment of flank eruptions from many polygenetic centres in a portion of the
arc may illustrate oblique plate convergence, if they are not parallel to the trench, at the time
the eruption took place.
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Figure 3.5. Dykes radiating from a central polygenetic volcano. A. Radial dykes and circular
volcano in a uniform stress regime. B. Dykes and volcanic centre reflecting the direction of σ .
From Nakamura, 1977.

On a local level, Gudmundsson (2008) notes that the nature of polygenetic volcanoes allows
various stress fields to form from a combination of differing units with vastly different
mechanical properties such as young basaltic flows and poorly welded pyroclastic deposits
and the shape of the chamber, whether it is a sill or more of a daipir shape. The author states
that many dykes formed may be arrested at depth and form a sill due to the vertical change in
direction of σ . In order for the dyke to reach the s rface, stress conditions need to be
favourable. An homogenised stress field along the length of a dyke can occur in two ways.
The first, by the alteration of the country rock, which involves the healing and sealing of
contacts, faults and fractures with secondary minerals. The other, country rock deformation,
may occur when the polygenetic centre is located on a regionally active structure, such as a
transverse fault or a rift zone. At shallow depths, this may result in visible faulting, whereas
at depth, dykes and sills will form. This will negate the differing stresses between layers, and
again contribute to the homogeneous stress regime.

3.3.3

Pyroclastic deposits

Regardless of the way in which magma evolves in the sub-volcanic chamber, volatile
species such as CO2, H2O and halogens will concentrate in the residual melt (Bower and
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Woods, 1998; Pinkerton et al., 2002). The most accepted theory on how these volatiles
interact with the melt causing an explosive eruption is outlined by Pinkerton et al. (2002).
Once the volatiles in a magma chamber reach saturation levels, the gas will exsolve, forming
bubbles. This exsolution rate is determined by the viscosity of the magma, with melts higher
in silica experiencing the growth of bubbles on crystals, the walls of the chamber and other
irregularities, the polymerisation of the siliceous magma negates bubble amalgamation,
causing higher pressures. The growth of bubbles in the melt can form over time periods of 1105 seconds, with the time scale decreasing as the melt becomes progressively more
supersaturated (Bower and Woods, 1998). This leads to unsteady explosive eruptions,
compared to basaltic magmas, which allow volatiles to rise at a uniform rate, producing a
magma fountain at the surface.
Bower and Woods (1998) propose two ways in which explosive eruptions can occur. These
are the collapse of the bubble foam which forms at the top of the magma chamber, a quick
reduction in density, and an increase in positive buoyancy may initialise its ascent. As the
portion of the melt which contains the bubbles rises, it also expands, and subsequently pushes
out material ahead of it. The other mechanism involves the joining up of bubbles as they
move up the conduit, due to varying rates of ascent. They then form larger pockets of gas and
ascend more rapidly, due to the increase in positively buoyancy. This forms irregular fire
eruptions and the more intermediate strombolian eruptions.
The rate and volume of material moving out of the single or multiple vents is governed by
separate mechanisms. The magma in the chamber can have an important control on the
eruption, but the conduit geometry, coupled with the magma volatile content, largely controls
the eruption rate (Bower and Woods, 1998). The eruption will continue until the pressure in
the chamber decreases to a point where the eruption simply ceases and the conduit will
become plugged, or the walls of the chamber will collapse, forming a caldera on the surface.
A shallow chamber with a relative low vertical extent is highly compressional, due to the
relatively thicker volatile saturated proportion, which is able to form at the top. As a result a
large portion of the chamber,

, may be evac ated before the chamber becomes

significantly under-pressured (Bower and Woods, 1998; Pinkerton et al., 2002).
The emplacement of fresh magma batches into the base of the sub-volcanic magma chamber
can also initiate eruptions. De Silva and Gosnold, (2007) compare the emplacement rates of
batholiths exposed at the surface and the material erupted during ignimbrite flare ups from
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the 10 Ma - 1 Ma Altiplano-Puna Volcanic Complex of the Central Volcanic Zone of the
Andes. Batholith emplacement rates of 0.012 to 0.06 km3 a-1 and calculated rates of extrusion
of 0.004-0.012 km3 a-1 produced a 3:1 to 5:1, plutonic:volcanic ratio. The authors state that
the rate of eruption increases over time due to the evolving nature of the system, whereby
conditions experienced by late plutonic intrusions are thermaly primed and the viscoelastic
behaviour of chamber wall-rocks promote accumulation of magma.
Ignimbrites are defined as pyroclastic deposits or rock bodies, made predominantly from
pumiceous material, which show evidence of having been emplaced as a concentrated hot and
dry particulate flow (Walker, 1983). These deposits represent eruptions which can account
for roughly 10% of the material in the magma chamber as mentioned before. Material which
is ejected from a conduit can be positively buoyant in relation to the surrounding air and can
rise to heights of 55 km (Pinkerton et al., 2002). This type of explosive eruption is called
Plinian, and is responsible for fine pyroclasts being deposited far downwind of the volcano.
If positive buoyancy is not reached before the momentum of the material upward is lost, then
the material will come back to the ground as a pyroclastic surge, pyroclastic flow or
ignimbrite.
Walker (1983) categorises ignimbrites into two distinct types. They are high-grade
ignimbrite, where the material was aphyric or close to it, indicating the magma was close to
its liquidus temperature. These deposits are usually densely welded with post-eruption
phenocryst growth apparent. The other type being low-grade, where there is no apparent
welding. The latter indicates that the magma could have been relative cool as it left the vent,
from meteoric water interaction, or that has remained in the air long enough for it to cool.
Clues concerning the evolution of an ignimbrite can be gained from observation of contained
lithic fragments. They are three types: juvenile fragments derived from the crystallised parts
of an eruptive magma, termed cognate lithics; fragments of country rocks or material form
previous eruptions, termed accessory lithics; and accidental lithics, which are eroded from the
substrate during passage of a pyroclastic flow. Accessory lithics can provide information on
the stratigraphy beneath the volcano and cognate lithics can illustrate the nature of the magma
chamber (Cole et al., 1998).
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3.4

Caldera formation

3.4.1

Introduction

Large ignimbrite eruptions on the order of tens to hundreds of km3 are commonly
associated with caldera formation (Lipman, 1997; Roche and Druitt, 2001; Acocella, 2006;
Petrinovic et al., 2010). Calderas form when a proportion or the entire overlying roof of a
magma chamber, collapses into it. The depressions formed can be circular to elliptical in
shape, with dimensions on the scale of km to tens of km, with vertical subsidence from
meters to km (Figure 3.6). These depressions can be composed of either a relatively coherent
block or ‘plate’ or a n mber of smaller blocks, indicative of piecemeal collapse, which are in
most cases surrounded by a combination of outward dipping reverse faults and, or, inward
dipping normal faults. (Lipman, 1997; Holohan et al., 2005; Acocella, 2006). Though
calderas are found in all tectonic settings; neutral, tensional, strike-slip or compressional; at
convergent plate margins, such as the Andean Cordillera, andesitic-dacitic calderas are most
common (Cole et al., 2004).
Two dominant end members have long been recognised for caldera formation, these are; plate
or piston collapse, where the roof of the chamber subsides relatively quickly as a single block
and piecemeal or chaotic calderas, which form from the differential movement of multiple
blocks (Acocella, 2006). Lipman (1997), proposes five caldera end members, two of which
are described as piston collapse and piecemeal collapse.
Piston collapse calderas are associated with volumous eruptions from large shallow magma
chambers. The diameter of the caldera floor, commonly greater than 10 km, must exceed the
thickness of the subsided plate. Material erupted post-caldera can obscure features such as the
ring-fractures system and uplift from resurgence material can disturb or fracture the subsided
block. Piecemeal collapse calderas occur when there are either one or more magma chambers
below the volcanic centre, leading to their becoming under-pressured over a sustained period
of time; or simply from the interaction with the pre-volcanic structural grain and regional
tectonic stress regime.
The other three caldera types outlined by Lipman (1997) include: (1) Funnel calderas; usually
smaller calderas (< 2-4 km diameter at the topographic rim), where the slumping of material
from the inner wall is the dominant processes, it is thought they overlie a relatively smallvolume, deep magma chamber; (2) Down sag calderas, when the magma chamber has not
erupted enough material , and thus not enough room is created to initiate outward-dipping
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reverse faults to the surface; and (3) Trap-door calderas which form when the underlying
chamber is asymmetric to the surface, and during under pressure of the chamber, portions of
the roof experience higher levels of subsidence.

Figure 3.6. Four end-member mechanisms of caldera collapse: (A) piston/plate, (B)
piecemeal, (C) trapdoor, (D) downsag. From Cole et al. (2004).
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The processes which leads to edifice failure and caldera formation is the initial overpressuring of the magma chamber, then under-pressuring as the eruption continues. Two
processes which may lead to this include the exsolution of volatiles from a fractional
crystallization process and/or by the injection of fresh magma into the reservoir (Folch and
Marti, 2009). Eruptions associated with the exsolution of volatiles in the chamber have been
outlined previously in this chapter. The injection of magma into the base of the chamber will
lead to disequilibrium between the crystals which have already formed and the new melt.
Kuritani (2001) conducted a detailed petrological study on the Rishiri Volcano, Japan,
demonstrating a basaltic melt was injected into the base of a zoned felsic magma chamber
and was mixed effectively with the felsic magma present in the upper part of the chamber.
This is demonstrated by a group of lavas which exhibit high-Mg (olivine) and augite
phenocrysts and An, CaAl2Si2O2 (anorthite)-rich cored plagioclase phenocrysts. Some olivine
phenocrysts have rounded outlines and the An content of the plagioclase phenocrysts are
much higher than those which are thought to have formed in the zoned felsic chamber.
The model developed by Folch and Marti (2009) proposes a central vent or conduit is kept
open for a sufficient period of time for the pressure in the chamber to drop. This leads to
downsag in the centre of the volcanic centre when the crust behaves in an elastic manner.
Outward dipping reverse faults form at depth and propagate to the surface, forming a central
ring fracture system and the eruption to become plinian to ignimbritic (Acocella, 2006; Folch
and Marti, 2009).
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Figure 3.7. Left: The drop in pressure indicates the initial stages of eruption. Hydrostatic pressure in the
chamber increases as soon as the chamber roof fails, which is responsible for a plinian or ignimbritic
eruption. Right: This ignimbritic eruption is also reflected by the Mass Eruption Rate, with a roof of the
chamber collapsing into the chamber shortly after. From Folch and Marti (2009).

3.5

Volcanic centres in the Southern Volcanic Zone, Andean Cordillera

The Andean Cordillera can be divided into volcanic zones, based on the distribution
and composition of volcanic centres, structural lineaments on the overriding plate, and the
subducted Nazca Plate. These are the northern (NVZ 5°N-2°S), central (CVZ 14-27°S),
southern (SVZ 33-46°S) and the Austral Volcanic Zones (AVZ 49-55°S). These zones are
characterised by a steep subduction angle (25-30°), separated by segments which are devoid
of volcanic activity, namely the Pampian Flat-slab and the Purvian Flat-slab. Here the
subducted slab is relatively steep at the trench, until depths of 100km, where it then becomes
relative horizontal for approximately 350km, after which, its dip returns to 25-30° (Stern,
2004; Sorensen et al., 2008).
The SVZ is bound to the north by the subduction of the Juan Fernández Ridge (Pampian
Flat-slab) and the southern end with the Chile Rise (Stern, 2004). The Nazca Plate (0-45 Ma)
is being currently being subducted on a bearing of 22-30° NE under the overriding South
American Plate. Convergence rates are on the order of 7-9 cm.a-1 and along the SVZ, the
subduction angle for the Nazca Plate dips from 20° in the north to more than 25° in the south.
Accordingly, the distance from the trench to the modern volcanic arc decreases from 290 km
in the north to less than 270 km in the south (Munizaga et al., 1988; Nelson et al., 1999;
Stern, 2004). Likewise, the thickness of the crust below the this portion of the Andean
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Cordillera decreases from 50 km at 33°S to 35 km at 46°S, the topographic elevation also
follows this trend, with the altitude of the cordillera decreasing from 5000 m to less than
2000 m (Cembrano et al., 2009).
The SVZ portion of the Andean Cordillera is divided into three areas; The Northern Southern
Volcanic Zone (NSVZ, 33.5-34.5° S), the Transitional Southern Volcanic Zone (TSVZ, 3536° S), and the Southern Southern Volcanic Zone (SSVZ, 36-46° S) (Hildreth and Moorbath,
1988; Sruoga et al., 2005; Ramos and Kay, 2006). The TSVZ is composed of a 200 km wide
belt which encompasses sub-alkaline arc and alkaline retro-arc volcanics which are
represented by flows, stratovolcanoes and calderas. Upper Cretaceous to Eocene rocks have
been dated on the western edge of the Neuquén Basin. These are the earliest occurrence of
magmatic activity in the TSVZ, with the dating of biotite within an andesite using K/Ar
techniques confirming an age of 74.3 ± 1.4 Ma (Stern, 2004; Ramos and Kay, 2006).

3.5.1

Main Arc

Hildreth and Moorbath (1988) carried out a detailed geochemical and isotopic
analysis of 15 volcanic edifices on the main arc within the TSVZ. All are andesite-dacite
stratovolcanoes and are either simple or compound. Hornblende occurs only in rocks having
>57% SiO2 and biotite is uncommon. The predominant rock type is andesite with a 2pyroxene and olivine-clinopyroxene groundmass. Sanidine and quartz are absent from the
main arc. Along the main arc within the TSVZ, there are distinct latitudinal differences
between major elements. K2O increase progressively northwards. K2O exhibits an inverse
relationship with Fe/Mg, as these values decrease northwards. In general, volcanoes are more
calc-alkaline less and tholeiitic northward.
The active Volcán Copahue is located in the SSVZ, at 37° 51´S, 70° 80´ W, and is 30 km east
of the main volcanic arc. This volcano sits on the flank of a large (19 x 15km) caldera,
Caviahue and the two are termed the Caviahue-Copahue volcanic complex (4.3 ± 0.6 Ma Holocene) (Varekamp et al., 2006). Rocks from Volcán Copahue are high-K calc-alkaline,
with high K2O contents of 1.7% to 3.0% with this highly potassic nature being also being
reflected by the enrichment of highly incompatible elements Ba, Cs, La, Nb, Rb, U, Th and
Zr. This relative enrichment of the incompatible elements, higher Sr and Pb isotope ratios and
lower Nd ratios at Copahue relative to rocks from the adjacent Caviahue caldera could be
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explained by differing crustal compositions, if enhanced assimilation took place or by
sediment melting verses fluid fluxing from the subducted slab.
The Riscos Bayos ignimbrite (Varekamp et al., 2006) is associated with the formation of the
Caviahue caldera. It is strongly enriched in several trace elements, notably U and Th. Its
HREE (heavy rare earth element) plot is flat with a very steep LREE trend and it contains the
most radiogenic Pb and Sr with the lowest Nd isotopic ratio of all units from the caldera. The
author suggests the samples from the ignimbrite exhibit an upper-crustal imprint, possibly
from an AFC (assimilation fractional crystallisation) mechanism. This ignimbrite sequence is
thought to represent an inverted zoned magma chamber, where the silicic top, with a strong
crustal imprint erupted first, followed by less silicic flows (Varekamp et al., 2006).
A suite of rocks with an arc geochemical signature and closer to the Payún Matrú volcanic
field is the Trapa Trapa formation which consists of volcaniclastics, dykes and sills, 37°S
71°W (Varekamp et al., 2006). It is located towards the top of the Cura Mallin basin (Figure
2.2), and is significant because it is the first transition within the basin from a sedimentary
facies to a predominantly volcaniclastic one. The age of the formation is constrained by K/Ar
ages that range from 19.7 ± 1.4 Ma to ca. 12 Ma. These Middle Miocene rocks are located on
the border of Chile and Argentina which is considered to represent the main arc. They were
deposited when the dip of the slab in this area, 37°S, was still steep. Following this period,
the volcanic front moved off the main arc with the shallowing of the slab, as proposed by Kay
et al. (2006), see Chapter 2. The trace-element signature of these earlier arc volcanics are
La/Ta 35-55, La/Ba 17- 14 and Ta/Hf. 0.9-0.11.

3.5.2

Retro-arc

The Chachahuen volcanic complex (7.8 ± 0.06 Ma-4.85 ± 0.03 Ma) is 85 km south
east of Payún Matrú; 450 km from the trench, in the retro-arc region of the Andean
Cordillera. The complex is unlike the other post-Miocene alkaline flows in the area, as initial
flows from the complex interacted with the crust to produce an intra-plate like chemistry,
though evolved into a system with arc-like chemical features.
The Vizcachas group is described as being calc-alkaline mid-K rhyodacites whereas the
Chachahuen group is more tholeiitic in nature with dominant composition of basaltic
andesites to andesites. Samples from the Vizcachas group, the oldest Late Miocene rocks in
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the complex, differ from the later Chachahuen group with lower K contents, higher 87Sr/86Sr
and lower La/Ta ratios which are more intra-plate like than arc-like. Crustal contamination is
also significant in these early rocks with low K/Cs ratios and a high Cs content.
km so th west of Pay n Matrú and is

The post-Miocene volcano Cerro Tromen, is

located in the near to middle retro-arc. Cerro Tromen is located on a northeast to southwest
trending fault zone and can be divided into three magmatic sequences: 1. An older andesite to
rhyolitic group, this included the Coyucho Formation; 2. The Choas Mala group, basaltic to
mafic andesites and 3. The andesitic Tromen formation group.
The oldest flows associated with the volcanic complex, the Coyucho Formation, are basaltic
andesites to andesitic compositions and are characterised by high Ba/La (35), La/Ta (24-34)
and Ta/Hf (0.17-0.22) ratios. These are arc-like in nature and are reinforced by the relatively
flat REE patters, indicated by La/Yb ratios of 11-16. The latest flows on Cerro Tromen
(0.175 ± 0.025 Ma) are described as being less arc-like with La/Ta ratios below 20, Ba/Ta <
550 and low Ta/Hf ratios of 0.2. La/Yb ratios are 6 and with Sm/Yb of 2 (Kay et al., 2006).
These two volcanic fields demonstrate that internal AFC processes cannot entirely explain the
temporal geochemical differences between magmas. Kay et al. (2006) suggest this
distribution of Miocene to Holocene retro-arc magmatic rocks and the alternation between arc
to intraplate influences, can be explained by the shallowing segment of the subduction Nazca
Plate and the final return to a steeper dip. The increasing thickness of the crust north to the
NSVZ, along the main arc, is the primary reason for the geochemical differences.
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CHAPTER FOUR
Petrology of Volcanic Units
4.1

Introduction

Payún Matrú consists largely of trachytic rocks, with a trend from what are considered
to be more primary units, which consist of basaltic trachyandesites and trachyandesites;
younger trachytes have a higher silica and alkali content. Units which make up the volcanic
centre are predominantly lava flows, with a major ignimbrite associated with caldera
formation. Early flows have a more scoriaceous texture than later ones, with the latest and
most vitreous flows exhibiting well-formed flow features. The units which are most
voluminous within the caldera are post-caldera trachyte flows, which are characterised by
large blocky flows with steep angles of repose.
Hernando et al. (2012) carried out detailed field work which classified the units forming the
caldera and the surrounding Payún Matrú volcanic field. Six units were proposed for the
rocks which comprise Payún Matrú. They include pre-caldera trachytes, Portezuelo
Ignimbrite, post-caldera trachyandesites, blocky trachytes, pumiceous cones and vitreous
trachytes (Figure 1.1). The several rock types are quite similar, through with the aid of
detailed petrological studies, notably in this chapter, the progression of different mineral
assemblages through the early units, is noted. These include the early and the late flows
within the pre-caldera flows, which demonstrate the evolution of the chamber from a period
of time when it was relatively small, to the point immediately prior to caldera formation.
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4.2

Volcanic Nomenclature

The 34 hand samples were divided into seven units based on their outcrop relationship
(Figure 1.1a, b), petrological characteristics, trace-element signatures and major-element
content. These units are as follows:
-

Pre-caldera flows (Pre-CF)

-

Pre-caldera dykes/intrusions (Pre-CDI)

-

Syn-caldera ignimbrite (Syn-CI)

-

Post-caldera mafic flows (Post-CMF)

-

Post-caldera blocky flows (Post-CBF)

-

Post-caldera vitreous flows (Post-CVF)

-

Extra-caldera flows (Ext-CF)

Based on field relationships, these units are ranked according to their estimated relative time
of eruption and deposition, with the pre-caldera flows being the earliest unit sampled through
to the post-caldera vitreous flows and extra-caldera flows respectively. Within the TAS plot
(Figure 4.1) the rock classifications which were made primarily on outcrop descriptions and
petrological descriptions were seen to be sufficient. From the diagram, it is evident that from
the samples considered to represent the unit closest to the parental melt, there is a gradual
progression through to the latest more evolved flows such as the post-caldera vitreous units.
The early samples, pre-caldera, have roughly the same alkali/silica ratio. This changes after
caldera formation, when progression along the SiO2 axis becomes more dominant.
The formation of the caldera allowed primary material to infill the depression immediately
after, as most of the chamber had been emptied during this time, due to a reduction in the
weight of the volcanic edifice preventing these flows from reaching the surface within the
region of the volcano.
The only unit which does not group well within the TAS classification are the pre-caldera
flows. Samples range from a trachybasalts which represents the most mafic of all the
samples, through to the most evolved within the trachytes. This large spread is also reflected
by the pre-caldera dykes/intrusions, which were formed shortly after the flows which make
up the volcano, as they cross-cut these units. This large spread within these two sets of
samples is illustrative of a zoned chamber, with the spread of SiO2 and Na2O + K2O contents
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within the same classified units, demonstrating the varying conditions present within the
chamber at any given time.

Pre-caldera flows

Post-caldera blocky flows

Pre-caldera dykes/intrusions

Post-caldera vitreous flows

Syn-caldera ignimbrite

Extra-caldera flows

Post-caldera mafic flows
Figure 4.1. Total alkali–silica diagram (TAS). All samples plotted here have been collected primarily for
this research project. Most of the samples have a high alkali content, leading to their trachytic
classification. The more primitive flows originate as basaltic trachyandesite, which are termed postcaldera mafic flows, which then progress through to the most evolved units, the post-caldera vitreous
flows and extra-caldera flows.
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4.3

Petrology

4.3.1

Pre-caldera flows

On the eastern base of the caldera’s topographic rim, some of the early lava flows
from Payún Matrú are preserved in outcrop. The unit is comprised of a welded, scoria-like
flow, with the gro ndmass between larger 2 cm blocks consisting of a highly vesic lar lava.
The beds are undeformed and follow the contours of underlying flows. All flows dip out
at 5° either to the east or northeast. Higher in the sequence there are more consolidated flows
with minor columnar jointing.
Three seriate samples represent this unit, PM-5, 6 and 11. They consist of a fine grained
trachytic groundmass with aligned feldspar microphenocrysts. These are set in a black glassy
matrix (Figure 4.2). The dominant crystals are euhedral to minor sub-euhedral plagioclase
(>95% of the feldspar phenocrysts), which make p

of the sample volume, and are 200-

5 μm in size, with the ma im m being .5mm. The remaining large crystals are sanidine,
magnetite, hematite and olivine, in decreasing abundance.
The majority of the bladed euhedral plagioclase crystals do not e hibit any sieving,
tho gh

of the crystals have moderate to heavy sieving around their rims, with none in

their cores. This indicates a small proportion of the feldspar crystals had undergone some late
remelting, which was separate from the non-sieved crystals.
elative to other nits, these early flows have high amo nts of hematite and magnetite (
of the sample volume) with minor euhedral olivine crystals to 2

μm, 5

of which are

heavily sieved. This increased presence of magnetite, compared to later flows, is an
indication of the conditions experienced in the early magma chamber. Based on data from
Grove et al. (1982) and Sisson and Grove (1993), who carried out an analysis of glass buttons
under atmospheric conditions and conditions in which the melt was saturated in H2O at 200
MPa, magnetite will crystallise before plagioclase in a melt with this elevated PH2O . The
apparent growth of later plagioclase around magnetite phenocrysts supports this theory
(Figure 4.3). This relationship between the size of the magma chamber and how this
influences the apparent pressure is not within the scope of this research project.
The crystals which are heavily sieved have zoning which follows the conchoidal fractures
through the crystals, with areas adjacent to the fracture zone having a lower refractive index,
which illustrates a lower relative iron content. These sieved crystals are associated with
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magnetite; which makes up approximately 20-30% of their mass. In some cases these black
magnetite crystals are in the original crystal form of neighbouring equant olivine crystals.
From these three samples it is evident they are the result of a complex mixing process. From
the two separate feldspar crystals and ferromagnesian minerals, there was evidently a zoned
chamber, with the more advanced euhedral plagioclase crystals towards the top of the young
chamber. Within the middle portion of the chamber, there was sufficient mingling between
the lower mafic proportion and the top section. The erupted material would have accounted
for a much larger proportion of the smaller chamber, than later flows.
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Figure 4.2. (a) Photomicrograph (cross polarised light, XPL) of a thin section, from sample PM-5, which represents early
lava flows, pre-caldera. It consists of a fine grained trachytic groundmass, with feldspar microphenocrysts and is seriate in
texture. Most of the larger phenocrysts are euhedral plagioclase crystals, with minor sieving around the rims. Sub-euhedral
olivine crystals are also present and are associated with magnetite and further altered hematite. Hematite staining is apparent
within the trachytic groundmass. (Sa) sanidine, (Pl) plagioclase, (Ol) olivine, (Mag) magnetite and (Hem) hematite. (cross
polarised light). (b) Relative location of the units (PM-5), at the bottom of the eastern caldera topographic rim. Note the
unit dips away from the centre, where the central vent was located. Person in square for scale and X is the sample location
for PM-5. (c) At the outcrop scale, for PM-5, the unit is vesicular and scoria-like. Bedding is apparent, though all are more
than 1m in thickness.
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Three samples PM-18, 19a and 19b were taken on the north-east rim of the caldera (See
Figure 1.2, black symbols for Pre-CF). These represent the last volcaniclastic units from
Payún Matrú, before edifice collapse. Samples PM-19a and 19b are trachytes (Figure 4.1),
are massive in nature and cooling surfaces are indicated by smaller crystals and a higher
proportion of vitreous groundmass, from quenching. Above this, the unit which is represented
by PM-18, is less than a metre thick and is limited to the contour lows.
PM-18 has an extremely fine-grained to vitreous groundmass, and the rocks are sericite in
texture (Figure 4.3). Sanidine and quartz are the dominant crystals in the samples; with sizes
from 5 μm-1.5mm and they make up 15-20% of the sample. Other minor minerals are
olivine crystals, with roughly 10% of these completely replaced with magnetite. Less than
10% of the feldspar crystals are embayed and none has any zoning or sieving. There are only
minor olivine crystals, 1-2% of the sample, and all are smaller than 2

μm. In sample PM-

19b, there is one large 2.5mm long biotite crystal, with a dark reaction rim and embayments.
The vitreous groundmass between the crystals represents the residual melt from the top of the
chamber, as there are no feldspar microphenocrysts present and the feldspars have grown in a
melt which remained in relative equilibrium with the crystal, with a lack of sieving and
zoning. Olivine is present in minor amounts, and is likely from the residual melt.
The absence of vesicles and pumiceous deposits associated with the samples indicated they
were not erupted via mechanisms involving volatilisation. If this is the case, the primary
instigator for chamber over-pressurisation, leading to edifice collapse, is due to the injection
of mafic material, and not from the presence of a gas-cap within the chamber. Another fact
that supports this is that there are no significant ignimbrite deposits visible within the
volcaniclastic units making up Payún Matrú.
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Figure 4.3. Photomicrograph images from a pre-caldera lava flow (PM-18), deposited shortly prior to caldera
formation. (a) Vitreous groundmass, seriate in texture, PPL (b) Phenocrysts are predominantly feldspar (sanidine
(Sa) and plagioclase (Pl)) and quartz (Qtz) with minor olivine (Ol). There is minor sieving on the larger sanidine
crystals, though they are relatively unaltered, olivine crystals also have only minor zoning XPL. (c) This unit is
located on the outermost surface of the volcano, and is massive with crystal size increasing downward. It
represents one of the last flows from the volcano before caldera formation.
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PM-34 is unusual, with the lowest SiO2 and Na2O + K2O of all the samples analysed for
major elements. On the TAS plot (Figure 4.1), it is classified as a basanite (<10% olivine).
PM-34 is located on the far northern flank of Payún Matrú. It is pre-caldera, due to the
presence of a thick ignimbrite present on top of it; this is presumably the Portezuelo
Ignimbrite, associated with caldera formation. Euhedral phenocrysts are mostly plagioclase,
which exhibit some alignment in separate domains, though they are not exclusively the
groundmass, like the other trachyte flows. Microphenocrysts of olivine 80-

μm are also

present, with all crystals set in a vitreous matrix.
More than 90% of all crystals are plagioclase, which make p
them are heavily sieved,
4.4). Olivine crystals occupy 7-

of the sample.

of

naltered, with the remaining having minor alteration (Figure
of the sample and are <8 μm in size. There is also minor

orthopyroxene, which is present as euhedral tabular phenocrysts, <2% of the sample volume.
In comparison to the other melts from within the caldera, this flow is much less trachytic in
nature and only the feldspar phenocrysts have minor sieving. Olivine and the presence of
minor orthopyroxene, both of which are either unaltered or only have very minor alteration,
are sourced from a more primitive melt. The source of this flow could represent the melt
which feeds the Payún Matrú sub-volcanic magma chamber. It is unlikely that another
shallow magma chamber would reside this close to Payún Matrú.

Figure 4.4. PM-34 is also located on the NW flank of Payún Matrú, and represents one of the last flows before caldera
formation. (a) Thin section microscopy shows there is some moderate sieving of plagioclase (Pl) phenocrysts within the
flow. PPL. (b) The vitreous groundmass is more clearly visible in the XPL image, as well as small, but numerous, unaltered
olivine (Ol) and minor orthopyroxene (Opx) crystals .The plagioclase crystals show only minor sieving.

- 54 -

4.3.2

Pre-caldera dykes and intrusions

Five dykes were sampled along with eight dome-like structures, which cross-cut
volcaniclastic units making up the caldera. Within these rock types are the hydrous minerals,
biotite and hornblende. All of the dykes, which have a trachytic groundmass exhibit biotite
and very minor hornblende crystals, and for the intrusions, three out of the eight, contain
these minerals, with PM-29 having more biotite then the other samples. All samples have a
trachytic groundmass and are porphyritic in texture, with the major phenocrysts being
sanidine then in decreasing abundance, plagioclase, olivine, magnetite, biotite and hornblende
(Figure 4.5).
Feldspar phenocrysts vary considerably between the intrusions, though they are the dominant
phenocryst, as they occupy 10-20% of the rock. Olivine is exclusively associated with
magnetite in all the samples and they make up less than 2%. Most (<70%) olivines are
anhedral and 100-

μm. Where zoning is apparent, olivine tends to have a higher iron

content in the core relative to the rim. Biotite content ranges from <3% to nil, with the
average being <

. These phenocrysts are on average

μm in length and are sub-euhedral.

Embayments are common as well as dark reaction rims. Hornblende is very rare >>1% and
only found in three samples, they are sub-euhedral; due to reaction rims and are roughly
5

μm in length.

More than 90% of the biotite crystals have black to deep brown reaction rims, from the
formation of magnetite. Hornblende crystals which are present are the darker brown variety,
with very few crystal having shades of green, though even these have magnetite reaction
rims. These reaction rims and minor embayments in the biotite crystals illustrate they were
not in equilibrium with the melt in which are found. These dark magnetite rims can occur in
two ways: the first being an increase in the partial pressure of H2O in the system, which leads
to the reverse zoning seen in all of the mafic minerals (olivine, hornblende and biotite) And
the second being the introduction of a more mafic melt, which is relatively H2O undersaturated. The two scenarios stated about could have occurred simultaneously, with the
injection of a mafic melt and the depressurisation of the magma as is rises through the dyke.
In both cases the H2O content within the melt, required for the stability of hydrous minerals
has become too low for their continued growth.
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The feldspar minerals are predominantly sanidine,

of the feldspar crystals across all

intrusions. Zoning within the feldspar crystals is normal to minor oscillatory zoning between
anorthite and albite. Samples PM- ,

and 5 have large sanidine crystals, >

μm, which

are cored with multiply twinned plagioclase, with their rims heavily sieved. These occur
alongside un-zoned, un-sieved euhedral plagioclase crystals.

The close proximity of these feldspar minerals, which form under different pressures and
temperatures, and the fact that the higher pressure variety, sanidine, has undergone alteration
while still in the melt, is an indication that the magma chamber had varying mineral
assemblages crystallising in separate zones. The origin of H2O, which was responsible for the
formation of hydrous minerals in the dykes and intrusions, is unknown. Though it is likely to
have originated from the country rock, as meteoric water, or as a minor volatile component
within the primary melt.

The reason there is more hydrous minerals in the dykes then the intrusions might be because
of the larger surface area which allows the formation of these minerals with the country rock,
relative to the small volume of the dyke. These minerals are not found in any of the trachytic
lava flows, pre- or post-caldera; their formation from contact metamorphism within the dykes
seems the most likely scenario. Varying textual and mineralogical changes between the
intrusions could have been the result of the dyke sourcing material from the zoned chamber at
different levels, which explains the varying feldspar crystals, or simply the composition of
the chamber had changed over time.
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Figure 4.5. Fifteen pre-caldera intrusive units were identified, all of which are trachytic in texture and have hydrous
minerals, such as biotite (Bt) and hornblende. (a) PM-29: Plagioclase (Pl) and sanidine (Sa) phenocrysts are unaltered,
with sieving being absent. Biotite (Bt) crystals all have thick reaction rims which illustrate the breakdown of the biotite to
an anhydrous state. Hornblende crystals present also have these dark rims. XPL. (b) In more extreme cases, embayments
are present around the margins of the biotite crystals. XPL. (c)PM-14: Here the multi twinned plagioclase cores of
sanidine phenocrysts, indicated the environment in which they were growing had increased in temperature, or dropped in
pressure. XPL. (d) Within sample PM-17, there are heavily sieved sanidine phenocrysts alongside unaltered plagioclase
phenocrysts, seen in (e) XPL.(f) Outcrop of a dyke (PM-14).
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4.3.3

Syn-caldera ignimbrites

The Portezuelo Ignimbrite is associated with the formation of the Payún Matrú
caldera; there are no other large-scale ignimbrite deposits in the area and it is commonly
preserved as yardangs (Inbar and Risso, 2001b). The unit is a glassy moderately welded tuff,
which has a eutaxitic texture (Figure 4.6). Phenocrysts present are sanidine and plagioclase
feldspar, olivine and minor biotite and trachytic lithic fragments. These crystals make p
10% of the ignimbrite volume with 15% of these consisting of the trachytic lithic fragments
(1mm). Proximal samples have a higher degree of welding then the distal one, which is 20km
from the caldera rim.
The feldspar content is a mixture of non-sieved, non-zoned sanidine and plagioclase; they are
randomly distributed between the samples through they are heavily skewed towards crystals
which are not sieved or zoned (>
bladed anhedral crystals. <2

). ll plagioclase crystals are st mpy and are not typical

of the ignimbrite is olivine crystals, 8

of which have a low

refractive index and those that are not zoned from a high iron-rich core to a lower iron
content on the rims. Most are associated with or have been completely replaced with
magnetite. Biotite crystals are relatively common in the ignimbrite, comparable to the dykes
and other intrusions. They are less than 1% of the sample vol me, with sizes from 2

μm-

1.1mm. Less than half of these crystals have dark reaction rims, though most of them have
embayments.
The proximal deposit has a higher clast and lithic fragment content then the distal one, PM37. There are relatively few crystals with disequilibrium textures, as this ignimbrite deposit
may be derive from the upper portion of the chamber, there might not have been sufficient
mixing between the influx of mafic material and the trachytic upper portion.
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Figure 4.6. Among the three samples of the Portezuelo
Ignimbrite, welding and clast size decrease away from
the vent (a) PM-20: Trachytic lithic fragments are
common, are also described as accessory lithics, which
were incorporated into the ignimbrite during the
eruption. XPL. (b) Many of the quartz (Qtz) and
feldspar (Sa, Pl) crystals are broken and do not show
any disequilibrium textures, which is applicable to the
rapid cooling of the ash within the air. XPL.(c) PM-37:
In comparison to other hydrous phenocrysts present,
this biotite (Bt) crystal has formed in relative
equilibrium with only minor embayments. PPL (d)
Yardangs form within the soft ignimbrite unit, from
NW prevailing winds. PM-37 was sampled from this
yardang. The location of PM-37, is represented by the
distal green symbol, NW of the caldera (Figure 1.2a).
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4.3.4

Post-caldera mafic flows

On the northern rim there is a post-caldera mafic flow (PM-32), which originates
within the caldera, on the inner side of the topographic rim, and flows out, down the flank.
The flow has medium to fine grained (80-

μm) feldspar microphenocrysts, set within a

vitreous matrix, which is proportionally more voluminous than in any of the trachyte flows or
intrusions (Figure 4.7). The sample has a seriate te t re, with 8
2

of the crystals between

μm and 4mm, which occupy 25-30% of the sample. Vesicles are large,

μm, and

scattered.
The feldspar crystals are predominantly sanidine, with moderate to minor plagioclase. All of
the feldspar crystals are heavily sieved (large and small microphenocrysts) and are
continuous to non-zoned. Sieving in most cases is present from the core to the rim of the
crystals. Olivine crystals are in abundance, 5-7% of the sample, with <1% located in feldspar
crystals. They zoned and associated with magnetite, though not as much as the trachyte units.
Based on the stratigraphy of volcaniclastic deposits, this flow represents material erupted
after the collapse of the caldera and before the intra-caldera blocky trachyte flows. This flow
likely represents the bottom portion of the magma chamber, where mafic melts interacted
with the evolving magma. Heavy sieving is present from the core to the rim of the sanidine
phenocrysts, indicating they originated from an environment where they could not reach
equilibrium with the melt.
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Figure 4.7. This post-caldera flow (PM-32) is relatively unaltered, with most of the vesicles free of calcite. This flow
originated within the caldera and flows out over the northern rim. (a)The groundmass is predominantly aligned feldspar
microphenocrysts. All of the sanidine (Sa) phenocrysts are heavily sieved from the cores to the rims. A finer sieving is
present on the rim of the larger crystals, which is from the late interaction with a mafic melt. XPL. (b) The largest olivine
(Ol) phenocrysts amongst the samples are seen here and are relatively unaltered. Their association with magnetite (Mag) is
also not substantial.
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. .5

Post-caldera blocky flows

Within the caldera, there are approximately 10 blocky, post-caldera trachyte flows, all
of which originate from a vent on the south-western side of the crater which has since been
in-filled with pumiceous material.
All of the flows are porphyritic in nature, with fine grained aligned feldspar microphenocrysts
(Figure 4.8). Phenocrysts make up 15-20% by volume, with >90% of the crystals being 1505

μm sanidine and the remainder being euhedral plagioclase and minor ferromagnesian

minerals, such as olivine and magnetite. All the feldspar minerals are euhedral to subeuhedral as well as the 400-

μm olivine crystals, which make p less than 2

of the rock.

There are no small olivine crystals, with those present having zoning from an iron-rich core
to a rim with a lower refractive index. All of the olivine is associated with magnetite and
there are no hydrous minerals, such as biotite or hornblende found in these later trachyte
flows. An ignimbrite is present within the keels of the flow structures; the deposit has many
of the characteristics (large unsieved sanidine phenocrysts) as the intra-caldera flow which is
resides on, and was most likely emplaced at the same time as the flow. Unlike the intrusive
trachytes, there is one type of feldspar crystal, with a small proportion of crystals in the early
flows having multi-twinned plagioclase cores and moderately sieved rims.
There does not seem to be any substantial mixing between this trachyte magma and the mafic
intrusions, which were previously discussed and the olivine crystals present are likely
residual from the primitive melt at the base of the chamber, due to their size, lack of smaller
crystals and moderate level of zoning and magnetite replacement. The white ignimbrite
associated with the intra-caldera blocky trachyte flows occurred sporadically and was likely
driven by volatile exsolution.
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Figure 4.8. Post-caldera blocky flows. (a) PM-22: The groundmass consists of aligned feldspar
microphenocrysts. Larger phenocrysts are not altered and have no apparent sieving. Small olivine (Ol)
crystals, where present, are associated with magnetite. XPL. (b) Very large phenocrysts of sanidine (Sa) do
not have zoning from the core to the rim, meaning they grew in a melt which did not experience (or very
few) perturbations. XPL. (c) In the foreground is a finger of an intra-caldera flow. The thickness of the
flow is approximately 90m. PM-22 was sampled from this flow, the most western post-caldera blocky flow
(pink symbols, in Figure 1.2).
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4.3.6

Post-caldera vitreous flows

Along the western rim of the caldera, many small cinder cones and vitreous trachyte
flows originate. These deposits include a red-tinged scoria cone, a pumiceous deposit, and a
vitreous trachyte flow, which originates near the topographic rim scarp and flows down the
north-western flank of the caldera. Vitreous volcanic bombs around the area are associated
with this late-stage eruption.
The vitreous trachyte flows have a cryptocrystalline, very fine glassy groundmass, which is
porphyritic in texture, with quartz and minor alkali feldspar phenocrysts, which forms 40%
of the sample are 1.5-2mm across (Figure 4.9). Within the vitreous trachyte flow, the feldspar
minerals are 50% plagioclase, 50% sanidine, with most of these having heavily sieved rims
and half of these again having heavily sieved cores. Where zoning is apparent in the feldspar
phenocrysts, it is continuous from the core to the rim. There are microphenocrysts of olivine,
<8 μm, with a small proportion ranging from
crystals. Magnetite is associated with

- μm and minor zoning on the larger

of the olivine crystals. Ferromagnesian minerals

occupy 8-10% of the sample volume. In regards to the ignimbrite deposit, there is little, to no
sieving in the

μm sanidine crystals which make p most of the phenocrysts. Olivine

crystals show little zoning, and

have iron-deficient rims, in comparison to their cores.

Of the three vitreous trachytes, PM-24, 26 have a predominantly holocrystalline texture,
whereas PM-27 has more feldspar microphenocrysts and has a higher content of
ferromagnesian minerals. Feldspar crystals in the latter are also heavily sieved, relative to
PM-24, 26. This post-caldera flow is either a portion of the trachyte melt from pre-caldera, or
has had time to evolve from a primitive melt. Either way there was mafic intrusion during its
life. The samples with the highly vitreous groundmass are highly evolved, or had high
degrees of siliceous crustal contamination; it is unclear where this formed in the chamber
post-caldera.
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Figure 4.9. Post-caldera vitreous flows. PM-27: (a) The groundmass is exclusively glass, giving the sample a
cryptocrystalline texture. Scattered phenocrysts include sanidine (Sa), quartz (Qtz) and minor olivine (Ol). The
quartz has dusty margins, and the sanidine feldspar phenocrysts do not have any zoning or sieving. This flow
represents an evolved melt from the top of the chamber, with very minor residual ferromagnesian minerals. XPL.
(b) Outcrop of the vitreous flow, PM-27, see the geological pick for scale.
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4.3.7

Extra-caldera flows

PM-35 and 36 represent blocky trachyte flows from outside the caldera, which
originate from either a fissure or sub-circular vents. They are located on Figure 1.2a by the
two grey symbols. The groundmass consists of very fine tabular feldspar microphenocrysts
with sub-parallel alignment with the matrix between the feldspar crystals in the porphyritic
sample consisting of black glass (Figure 4.10). These microphenocrysts are
e hedral to s b-e hedral feldspar phenocrysts p to 2mm, occ pying 5

μm, with larger

of the rock.

Roughly 75% of the feldspar phenocrysts are simple twinned euhedral sanidine crystals.
<20% of these crystals are larger than 1mm, with these larger ones having evenly distributed
inclusions through them. Less than 10% of the phenocrysts present are bladed euhedral
plagioclase. In all samples of the the flows, ferromagnesian minerals are rare, and in most
cases are attached to feldspar crystals. Orthopyroxene, magnetite and olivine crystals make
up less than 5% of the sample volume and their sizes are from 80-

μm, with most being

near the smaller end of the range.
These flows are similar petrologically to the intra-caldera trachyte flows. Their origin from
the chamber to their eruption points could be linked to caldera formation, such as change in
the local stress regime, favouring dyke formation around the periphery of the volcanic
complex. In order to make that assumption, one would have to know the location and
petrology of earlier extra-caldera flows, which is not within the scope of this research project.

Figure 4.10. This extra-caldera flow (PM-36) is petrologically similar to the intra-caldera trachytes. (a) The dominant
phenocryst is sanidine (Sa), set in a very fine groundmass of aligned feldspar microphenocrysts. The phenocrysts do not
show any zoning or sieving. XPL.(b) Orthopyroxene (Opx) is present in minor amounts and is most likely associated
with the presence of olivine. The similarity of this flow to the intra-caldera trachytes illustrates there was one dominant
shallow, sub-volcanic magma chamber.
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- 67 Table 4.1 A summary of the petrology of igneous rocks from Payún Matrú.

4.4

Summary

Many of the early flows comprising the basal units of the caldera have a high
proportion of ferromagnesian minerals, in particular magnetite. The flows have a high ratio of
plagioclase to sanidine, which also has a high degree of sieving compared to the latter
mineral. Conditions within the early chamber were ideal for the growth of sanidine crystals,
which required a higher temperature and pressure compared to the plagioclase. Flows which
erupted shortly prior to caldera formation represent an evolved vitreous zone within the
chamber, with a lack of fine grained trachytic groundmass. Feldspar phenocrysts here are not
sieved or zoned, indicating they grew in an environment which was not susceptible to mafic
perturbations.
Within the dykes and intrusions, two dominant feldspar phenocryst types are present, which
have a fluid-fluid relationship. These are large sanidine crystals, which, in some cases, are
cored by multi-twinned plagioclase. The large phenocrysts also have heavily sieved rims and
complex zoning regimes from their cores to the rims. Both of these are an indication that the
melt was subjected to influences from a foreign magma. Adjacent to these, are clear euhedral
plagioclase phenocrysts. The formation of this latter mineral could have occurred in the
feeder dyke or within the chamber. Hydrous minerals in these units have dark reaction rims, a
feature of magma mixing or depressurisation.These two mineral characteristics seen in the
dykes and intrusions could either have occurred from changes within the magma chamber,
and/or from normal conditions experienced via transportation within the feeder dyke.
The syn-caldera ignimbrite does not show any of the expected magma mixing textures .This
is most likely due to the fact that there was little opportunity, for mineral textures which
demonstrate these mixing processes, to form before caldera formation. Mafic flows are
considered to have filled the caldera shortly after caldera formation, and have since been
covered by later trachytic flows. These early flows have heavily sieved sanidine phenocrysts,
which are thought to have grown within this melt. Post-caldera blocky flows do not have any
disequilibrium textures within the feldspar phenocryst assemblage. This, along with the
minor ignimbrite deposited with the intra-caldera trachyte flow gives an indication that this
eruption was volatile driven. The intra-caldera blocky flows are very similar, petrologically
and geochemically, as flows present on the flanks of the caldera, which are thought to have
erupted at the same time.
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The final flows, do not have textures within their phenocrysts would suggest magma mixing.
Given the size of the magma chamber, post-caldera, the likelihood of an evolved melt
forming purely from fractionation is unlikely and that the assimilation of country rock must
have contributed to some degree.
Combining information from these later trachytic flows, it is possible that the interaction with
the evolving melt in the chamber and the upwelling mafic flows had decreased relative to the
pre-caldera units. If this is correct then the waning of mafic material into the base of the
magma chamber followed caldera formation. Further petrological work which could be
carried out in order to verify the assumptions above would include logging a continuous
sequence, if possible, on the inner wall of the caldera. In addition if magma mixing is a
dominant feature within the rock suites at Payún Matrú, the presence of mafic enclaves
somewhere within the sequence should be present.
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CHAPTER FIVE
Geochemistry
5.1

Introduction

The petrogenetic model by Hernando et al. (2012) for Payún Matrú which includes
the mixing of evolved and more primitive magma types is supported not only by the
petrological studies carried out in the previous chapter, but also by major-and trace-element
geochemistry presented in this chapter. From the trace-element variation diagrams,
particularly those for large-ion lithophile elements, it is evident that there were two distinct
environments within the chamber over the life of the volcanic centre. These were the precaldera zoned chamber with mafic intrusions only affecting the base of the chamber, and the
post-caldera chamber, which was relatively smaller, and had itself a distinct fractionation
signature. The conditions between the two were most likely influenced by the available
chamber space, the material which was removed from the chamber during eruption, a change
in the rate of influxing material and a change in the pressure and temperature. These element
variation diagrams show non-linear trends over the range in SiO2, indicating changes in
fractionating mineral assemblages with perturbations from a more mafic magma. For a list of
the major- and trace-element contents for each sample see Appendix D.

5.2

Major-element Analysis

In Figure 5.1, the major elements are plotted against the SiO2 content; these plots are
commonly termed Harker Diagrams. SiO2 ranges from 46-67 wt % (Appendix D and Figure
4.1). From the diagrams, a decrease in TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, and P2O5 with
increasing Na2O and K2O with increasing SiO2 is apparent; this is thought to be consistent
with fractional crystallization within the magma chamber (Kuritani, 2001; Winter, 2001;
Sellés et al., 2004 Watanabe et al., 2006; Gill, 2010).
All the plots have relatively smooth linear trends, though there is a marked decrease in the
Al2O3 content within post-caldera units, compared to the pre-caldera suites. The apparent
decrease in the Al2O3 content within these latter units could reflect a dominant type of
mineral assemblage crystallising within the new chamber environment. From the thin section
images taken of the hand samples, it is noted that these flows are dominated by large, un- 70 -

zoned, un-sieved sanidine phenocrysts. Plagioclase, which is the other dominant feldspar
within the Payún Matrú suites, is minor to absent within these post-caldera trachyte flows.
The samples represented by the blue symbol, PM-23 and 32 (Figure 5.1), are thought to be
the most primitive melts in the region of the caldera. The higher degree of scatter within the
early units is believed to be the result of a relatively small magma chamber, which had a
larger portion of the chamber evacuated during eruptions, leading the the eruption of multiple
zones which formed. The units which were sampled for the pre-caldera flows, were remnants
on the inside of the caldera’s rim. Flows which are now obscured by the collapsed edifice
would have provided detail on the evolution from the parental melt through to these later
flows.
The 87Sr/86Sr isotopic ratios, determined by Hernando at al. (2012) show there is little crustal
contamination and that it has been noted by other authors that there does not need to be a high
degree of assimilation to produce varying degrees of melts, which originate from a single
parental magma within a closed system (Hildreth, 1981; Watanabe et al., 2006; Hernando et
al., 2012).
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Pre-caldera flows

Post-caldera blocky flows

Pre-caldera dykes/intrusions

Post-caldera vitreous flows

Syn-caldera ignimbrite

Extra-caldera flows

Post-caldera mafic flows

Figure 5.1. Fractionation processes in the chamber are demonstrated by the major-element variation diagrams.
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5.3

Tectonic Setting

The Th/Hf vs Ta/Hf and Ba/Ta vs La/Ta trace-element ratios were ploted against each
other for the samples from Payún Matrú, together with data from two other retro-arc volcanic
centres; Tromen and two suites from the Miocene Chachahuen volcanic complex (Figure 2.2)
and the Middle Miocene arc-like Trapa Trapa Formation. The arc-like signatures of the
Tromen, late Chachahuen rocks and the Trapa Trapa formation range from 0.9-2.1 Ta/Hf and
0.9-2.23 Th/Hf (Kay, et al., 2006).
Trace-element ratios are a superior diagnostic index compared to utilising the concentration
of a single element. Two elements which have similar physical characteristics are usually
used for a comparison, in this case Th/Hf, Ta/Hf, Ba/Ta and La/Ta. The elements in these
ratios behave similarly under the same conditions; though one element within each ratio has
the ability to partition into different minerals under some circumstances. Both Ta/Hf share
similarities in their high field-strength, thro gh differ in regards to Ta’s ability to replace Ti
when oxidised; Hf cannot do this (Winter, 2001).
The Th/Hf ratios remain relative constant for Payún Matrú, with all the values ranging from
1.5-2.5 (Figure 5.2). The discrimination among the samples is determined by the Ta/Hf ratio,
which increases with an enrichment of the mantle. There is no trend with an increase in Ta/Hf
and the chronology of the samples, within the intraplate domain. The large spread of Ta/Hf
within the intraplate domain is also illustrated by the samples from the early-suite
Chachahuen complex known as the calc-alkaline mid-K rhyodacite Vizcachas Group (Kay et
al., 2006).
The pre-caldera Payún Matrú trachytes have more of an arc-like signature compared to the
later intraplate-like units. The cause of this grouping of the earlier flows, was most likely due
to the formation of a sub-volcanic magma chamber which became the dominant factor in
determining the Ta/Hf, rather than the signature of the primary melt.
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Post-caldera mafic flows
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Chachauen (late)

Trapa Trapa Formation

Diamante Caldera-Maipo

Figure 5.2. Th/Hf ratios on the y-axis are a relative indicator of source components from the
subducted slab. The Ta/Hf ratios are an indicator of mantle enrichment. Grouping of the Chachahuen,
Tromen and the arc-like Trapa Trapa rocks (from Kay et al., 2006) is apparent, though within the
Payún Matrú suite, only a clear arc-like signature is apparent from the pre-caldera trachyte flows. A
map of the volcanic centres is presented as Figure 2.2.

The Ba/Ta ratio vs La/Ta (Figure 5.3) gives a much clearer interpretation. The three domains;
arc; back-arc and intraplate are clearly defined. The arc-like Trapa Trapa Formation and late
Chachahuen rocks both have higher Ba/Ta vs La/Ta with this positive corelation between the
two ratios seen throughout the samples. The progression of the Payún Matrú samples from
the oldest pre-caldera trachyte flows to post-caldera and extra-caldera flows is evident. With
early samples having higher Ba/Ta and La/Ta ratios which then progress to lower ones. The
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evidence of an early proto chamber, with grouped pre-caldera trachyte flows is not as evident,
as is seen with the Th/Hf and Ta/Hf ratios.
The difference between Payún Matrú and the other retro-arc and arc samples is the change in
Ba/La ratios, which are represented by the diagonal lines. The results from other sample areas
have a constant Ba a ratio of 2 , whereas the Pay n Matr samples remain relatively low
≤

Ba a.

This decreased Ba/La illustrates that the samples from Payún Matrú are heavily influenced by
the characteristics of the sub-volcanic magma chamber, which diminished any change in the
geochemical signature of the primary melt.
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Figure 5.3. Only the samples which represent the early stages of Payún Matrú, such as the precaldera trachyte flows, have any retained signature from the primary melt, with later flows being
dominantly intraplate-like. Data from areas other than Payún Matrú are from Kay et al. (2006). A
map of volcanic centres is located on Figure 2.2.
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Within Figure 5.3 there are two symbols (green diamonds), which represent the Diamante
Caldera–Maipo volcano complex (DCM), located in the Andean Cordillera. The black arrow
between them indicates the progression from early mafic flows through to a later rhyolite.
This increase in Ba between the primitive and most evolved end-members is important
because the Ba content in Payún Matrú decreases within a similar progression between these
two end-members. The mechanisms for this will be explained in Section 5.6 of this chapter.

5.4

Nature of the Mantle Source

In order to recognise an evolution of the magma within the chamber, via fractionation,
it is important to establish nature of the parental magma. This is demonstrated by comparing
the Zr/Nb, Zr/La, La/Nb ratios between the units (Figure 5.4). These elements are classed as
incompatible, though Zr is less incompatible then Nb and La, both of which are have
similarly high incompatible properties. This basically allows a comparison of incompatible
trace elements within the magma, with ratios demonstrating different conditions. The Zr/Nb
ratio is basically ‘least incompatible HFSE most incompatible HFSE’, the Zr/La ratio is ‘least
incompatible HFSE moderately incompatible I E’ and the La/Nb, ratio provides
information on ‘moderately incompatible I E most incompatible HFSE’. The ratios used
here are not the most incompatible or least incompatible of all the HFSE (high field-strength
element) and LILE (large-ion lithophile element) trace-elements, with the method adapted
from Sellés et al. (2004). LILEs are elements which has an ionic radii too large to be
accommodated into most rock-forming minerals and are mobile in aqueous fluids. HFSEs
have a relatively high charge:radius ratio, which create an intense electro-static field around
each ion, making them highly insoluble (Gill, 2010).
The Zr/Nb ratios between the units have are very similar, this would be expected in a largely
homogeneous magma source, as this least incompatible/most incompatible ratio allows for
small changes throughout the source magma, though the overall nature is the same. As for the
Zr/La and La/Nb ratios, these illustrate small heterogeneities within the melt, which arise
from preferential melting. This is demonstrated by their similar incompatible nature (Gill,
2010).
From these sets of ratios, it can be concluded that the source of the melt is largely
homogeneous, which is assumed to be located within the asthenosphere. Though there are
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small discrepancies, illustrated within the fine-scale Zr/La and La/Nb ratio variations, these
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Figure 5.4. Within the above Zr/Nb, Zr/La, La/Nb binary plots, it is evident that there is no clustering of
data from specific units, indicating that the mantle source for all of them is common, and that preferential
melting of the asthenosphere is apparent, though not widespread.
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5.5

Trace-element Ratios

A comparison between a set of mobile large-ion lithophile elements (LILE) and
immobile high field-strength elements (HFSE) was made, with the mobile elements Ba and
Sr selected due to their high ionic radius relative to other trace elements, making them more
susceptible to transportation when aqueous fluids are present. From Figure 5.5 (The black
lines are an estimation for the direction of evolution which the melt took), it is evident that
the LILE decrease, and HFSE increase. If we assume that the system is largely closed, the
increase seen in HFSE is due to the relative depletion of LILE. Mechanisms for the removal
of these LILE will be discussed later in the chapter.
From these plots, it is also evident that at least the trace-element composition for the
Portezuelo Ignimbrite is the same as the rock suites which comprise the pre-caldera flows.
This indicates that the material erupted during caldera formation was predominantly material
which was already fractionated within the chamber, and that the influx of mafic material,
which is interpreted to have caused the overpressure event, did not have a large influence,
geochemically, on the rest of the chamber. The position of the Portezuelo Ignimbrite on
other major and trace-element variation diagrams is supportive of the LILE/HFSE ratios
noted here.
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Figure 5.5. Throughout the units, the LILE/HFSE ratio deceases, from combination of LILE depletion and
relative HFSE enrichment. For the legend, see Figure 5.4.
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When the mobile trace-element Ba is compared with immobile Th, both vs SiO2 (Figure 5.6),
it is evident that with an increase in SiO2 content, the presence of a mobile element, such as
Ba, is reduced, whereas there is a relative increase in the concentration of the immobile trace
element Th. Lines are drawn on both binary plots, to illustrate the direction of evolution
amongst the units. From these lines, it is clear that not only do the immobile elements act in a
manner opposite to each other, but also there is a large change from the Ba concentration
between pre-caldera and post-caldera units. Th exhibits a gradual increase from what is
thought to be the primary magma (blue) through to the most evolved products (yellow).
The gap between pre- and post-caldera units, is associated with caldera formation. There are
no other gaps with the Ba concentrations within the pre-caldera material, which indicates the
conditions within the chamber were relatively static and that the hypothesised influx of mafic
material was not a dominant driver for chamber formation. Within the post-caldera material
though, there is another small step to an even lower concentration from the post-caldera
blocky flows to the post-caldera vitreous flows. This period of time, marks the formation of
the latest vitreous flows, which have a low crystal content. This pattern is also reflected by
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Figur 5.6. Mobile LILE Ba and immobile HFSE Th, both vs SiO2.They have an inverse relationship to
each other, which is expected, as the magma evolves via fractionation. For the legend see Figure 5.4.
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5.6

Chondrite-normalised spider diagram

The elemental contents of 34 samples were normalized to chondrite values proposed
by Sun (1980) and plotted on a binary graph. The trace elements were ranked along the x-axis
with the most incompatible elements on the left and the least incompatible elements on the
right. From the patterns of each suite, it is evident again, that the parental flows are the postcaldera mafic flows (blue). This unit is of intra-plate origin; if it were a melt related to arcmagmatism, there would be large depletions in the high field-strength elements, Ta, Zr and
most notably Nb. This depletion in HFSE would accompany enrichment in the large-ion
lithophile elements Ba, Rb, Sr, and La. Though this is not that case, the opposite (enrichment
in HFSE and depletion of LILE, which is the signature of a depleted asthenosphere) (Arculus,
1987) is not present within this parental flow, and it appears to have a relative flat pattern.
This flatter trace-element distribution supports a theory by Kay et al. (2006), whereby the
melt is largely from the asthenospheric wedge, and that some of the melting occurred due the
hydration of the lithosphere during the Miocene, when the downgoing Nazca Plate was at its
shallowest.
Once this parental magma was left to evolve within the chamber, trace-element
concentrations also started to change from their original concentrations. The following trends
are observed: Enrichment in Rb, Th, U, Nb, Ta, La, Ce and Zr, with a strong enrichment in Y,
depletion in Ba and a strong depletion in Sr. These trends occur sequentially throughout the
units, from the oldest pre-caldera flows to the youngest post-caldera vitreous flows.
The most dramatic changes to the trace-element concentrations are the strong depletion of Ba
and Sr from the pre-caldera flows, to the post-caldera flows. This large step in trace-element
trends has been noted elsewhere by Watanabe et al. (2006) who observed them within rock
suites from Fuji volcano, Japan. Watanabe et al. (2006) state that the change in the
crystallising mineral assemblage is responsible for the removal of these trace elements, with
modelling carried out by the author illustrating that variations in trace-element concentrations
are consistent with changing bulk D values for each fractionation step. Sr was shown to
behave as a compatible element in a melt, though as the fractionation proceeds in the model,
the D value for Sr changes from 1.0 to 1.6 and 2.0 respectively. Similar trends were
calculated for Ba show a change from 0.2 to 0.5 to 0.6.
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Crystal fractionation is the cause for this, through it has been noted that LILE can also be
removed from a melt via volatile extraction (Winter, 2001). Both of these mechanisms could
have occurred simultaneously, giving the strong negative anomalies seen here. For this
assumption to be made, it must be assumed that the system is largely closed. The contribution
of crustal material was not able to be directly measured during this research project, via
87

Sr/86Sr isotope ratios, though nine samples were analysed by Herenando et al. (2012), all of
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Figure 5.7. A comparison between the averaged value for each identified rock suite. There is a clear evolution from the
primary post-caldera mafic flows through to the post-caldera vitreous flows. Values are chondrite-normalised to the
data of Sun (1980).
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The Diamante Caldera–Maipo volcano complex is located at 34° 10´ S latitude in the Andean
Cordillera on the border between Argentina and Chile. This volcanic centre is located on the
main arc with an arc-like signature, illustrated by the depletion of Nb (a HFSE) (Gill, 2010).
Payún Matrú is located to the east of this main arc, within the back-arc, or retro-arc setting.
A comparison between what is interpreted to be the two end-members of an evolved magma
suite from both centres, was made. The trace-element data for the Diamante Caldera–Maipo
volcano complex (DCM) (Figure 5.8) are from Sruoga et al. (2005).
The trace-element values have been normalised to chondrite values (after Sun, 1980) and the
elements are ranked in the same order along the x-axis. The blue lines are the primitive flows
from both of the volcanic centres, with the red lines representing the most evolved endmembers The Payún Matrú values are represented by circles with the DCM being the
triangles. From the left of the graph, there are relative Rb enrichments between both centres,
though with Ba, there is a strong negative anomaly within the evolved Payún Matrú flows, in
contrast with the DCM evolved-flows which have a relative enrichment as noted previously
in Figure 5.3.

Though Payún Matrú still has a negative Nb anomaly (HFSE), it is enriched relative to DCM,
and both have an enrichment of the element from the parental units to their evolved endmembers. Both volcanic centres have strong depletions in Sr, compared by D values
calculated by Watanabe et al. (2006) as Sr values double from 1 to 2 within the same
changing bulk conditions. The reason for the DCM’s high Ba values could be the increased
availability of the LILE from the arc parental melt, over the life of the volcanic centre. This is
also the case with strontium. Pay n Matr ’s intraplate parental magma which is already
depleted in LILE and little more would have been available over the course of its evolution.

Overall both volcanic complexes have very similar characteristics, from their parental to
evolved end-members. Though the absolute concentrations for specific trace-elements may
differ, they still have similar trends, which indicate that the evolution of the magma within
the chamber plays a large role in the partitioning of trace elements.
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Figure 5.8. A comparison between the most primitive and evolved end-members, from Payún Matrú
(PM) and the Diamante Caldera–Maipo (DCM) volcano complex.
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5.7

Summary

A decrease in the TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, and P2O5 contents with
increasing SiO2 is consistent with fractional crystallisation. Al2O3 is heavily depleted within
the post-caldera units, which is an indication for a major change from the pre-caldera
environment in the chamber, to the post-caldera chamber environment. This is supported by
the strong depletion of Sr and Ba in these later units.
By comparing the Ta/Hf vs Th/Hf and Ba/Ta vs La/Ta ratios between not only the samples
form Payún Matrú, but also from other regional volcanic centres, which differ not only
spatially but also temporally to Payún Matrú, the variation of the intraplate-like signature of
Payún Matrú is established. The source magma is predominantly homogeneous; with signs of
partial melting within the asthenosphere. This is illustrated by the ratios of elements, which
have similar characterises, and in turn would partition into melts which form under similar
conditions.
There is a decrease in the LILE/HFSE ratio from older units to the youngest ones. The nonlinear trends within the LILE are likely be the result of dominant mineral assemblages
forming. The trace-element ratios combined with the major-element values for the Portezuelo
Ignimbrite support the suggestion by Hernando et al. (2012), that there was no major mixing
between the evolved portion of the chamber and the influx of mafic material.
When the LILE and HFSE values of Ba and Th vs SiO2 are compared, the removal of LILE
become more apparent. Not only is there a distinction between pre- and post-caldera flows,
but also between the post-caldera blocky flows and the post-caldera vitreous flows. The
chondrite-normalised spider diagram for the Payún Matrú samples also illustrates that there is
depletion in LILE as the melt evolves, and that this depletion corresponds to specific periods
within the life of the magma chamber. These non-linear depletion trends are due to minerals
crystallising under changing conditions in the chamber and the possible removal via volatile
extraction, with the associated ignimbrite deposit.
Though Payún Matrú and DCM they are located within different tectonic settings, their
evolved end-members, compared to their parental flows, have similar relationships, such as
the relative depletion of LILE. The enrichment of LILE (Ba and Sr) in DCM is likely from
the fluxing of fluids from the main-arc. This illustrates that the removal of LILE from the
chamber, due to magma fractionation is plausible.
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The interaction of the mafic parental melt and the zoned magma chamber is demonstrated in
DCM by the higher concentration of LILE, which were not present in the parental melt. This
interaction between the closed system and the influx of material is not as apparent in Payún
Matr ’s chamber, as in DCM, as the potential for the ‘recharge’ of I E is less likely d e to
the already depleted melt.
Hernando et al. (2012) state that the ignimbrite did not have time to mix with the mafic melt
which intruded into the base of the chamber if it caused the overpressuring of the chamber.
From what has been demonstrated from the major- and trace-element variation diagrams, the
system evolved via fractionation and could be assumed to be closed. The zonation of the
chamber was caused by this fractionation and that which was responsible for the material
which was deposited as an ignimbrite. The influx of mafic material was confined to the lower
portion of the chamber, so the upper levels of the evolved chamber were isolated from these
perturbations.
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CHAPTER SIX
Geophysical Setting
6.1

Introduction

A combination of field observations and remotely sensed data were used to
investigate the geophysical nature of the Payún Matrú caldera. This included a description of
the underlying magma chamber from the dimensions of the resultant topographic rim, postcaldera formation, the orientation of dykes from within the caldera’s rim and the estimation
of the SiO2 content from lava flows around the caldera, Los Volcanes and El Ringo fields, on
La Carbonilla Lineament. As mentioned in Chapter 2, Geological Setting, there is very little
known about the formation of La Carbonilla Lineament, which controls the location of the
Payún Matrú volcanic field. As it is a feature which pre-dates Payún Matrú, the stress regime
which it was formed in, had most likely changed since the formation of the magma chamber
responsible for Payún Matrú. This lineament is thought to be a deep enough structure to allow
magma to rise from the Moho to the surface, which makes it probable that it is controlled by
Palaeozoic or Proterozoic basement structures.
The estimation of the SiO2 content from lava flows around Payún Matrú was performed not
only due to the excellent location to test the method, which will be discussed in Section 6.4,
but also to demonstrate, on a numerical basis, the increase in viscosity of the later lava flows,
which was clearly evident in the field.

6.2

Sub-volcanic Magma Chamber

The relationship between the shape of a sub-volcanic magma chamber and the
resultant topographic caldera rim has been noted by Nakamura (1977); Lipman (1997);
Acocella et al. (2002; 2004); Cole et al. (2005) and illustrated with analogue sand-box
modelling by Roche et al. (2000); Kennedy et al. (2004); Acocella, (2007); Gayer and Marti
(2009). The topographic rim is the escarpment which bounds the subsided area of the caldera,
and defines the areal extent of subsidence. Outward dipping normal faults travel from the top
of the subsided roof within the caldera, to the top of the magma chamber (Figure 6.1)
(Lipman, 1997).
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Figure 6.1. Analogue models which illustrate the relationship between the sub-volcanic
chamber and the resultant caldera topographic rim. a) Apparatus section view; b) section
views with different roof aspect ratios; c) two end members, summarising the previous
analogue experiments. From Roche et al. (2000).

The structural features such as the ring fault and the structural caldera floor, which are
present within this topographic rim, are commonly covered by landslide breccia, ignimbrite
deposits or resurgence material, thereby limiting their field interpretations (Cole et al., 2005).
The shape of these sub-volcanic magma chambers is determined by the stress regime into
which they were emplaced. Nakamura (1977) states that the West Spanish Peak in Colorado,
USA, which is composed of a solidified Oligocene (25 Ma) sub-volcanic magma chamber, is
elongated in the direction of the concentration of radial dykes. This implies that the process
responsible for formation of the central conduit is also affected by the same regional stress
that distorted the radial dyke pattern.
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This reflection of the stress regimes is also noted by Acocella et al. (2002), who note that the
elliptical shape of calderas located in the Ethiopian Rift have their larger axis parallel to the
direction of the regional structures such as normal faults, as shown in various extensional
settings. In a contractional setting, an elliptical caldera will align perpendicular to the thrust
faults.

Figure 6.2. . σ and σ are e al. In B, σ is larger than σ3, which is represented by
the larger arrows. This difference in horizontal stress results in the formation of an
oblique magma chamber and dykes, which orientate parallel to σ . From Nakamura
(1977).

From the eight sections which run from one edge of the Pay n Matr ’s topographic rim,
though the centre and to the opposite side (Figure 6.3), it is evident that the rim is circular in
nature and thus the sub-volcanic chamber can be also assumed to be circular in nature (Figure
6.4). This means it was most likely emplaced into a neutral or only a very marginal
extensional or compressional stress regime. This is in line with work published by Folguera
et al. (2009) and Germa et al. (2010), who state that the Payunia volcanic province is the
result of extension due to trench roll-back following the steepening of the flat slab that was
present in the Middle to Late Miocene.
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Figure 6.3. Eight cross-sections which pass through the centre of the caldera, to
demonstrate its circular nature.
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Figure 6.4. Lengths of the caldera sections in km. The average
length is 8.93 km. The discrepancy between the sections is largely
from the neven nat re of the western caldera scarp. If the caldera’s
topographic rim were elliptical, then there would be a large length
difference between sections which are perpendicular to one another.
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6.3

Dyke Orientation

Dykes are associated with monogenetic fissure eruptions, as once the supply of melt
ceases, the magma in the dyke solidifies. The dykes within the flanks of Payún Matrú
originate from the central polygenetic feeder pipe or the sub-volcanic chamber and radiate
out towards areas which have a lower lithostatic pressure (Gudmundsson et al., 2008). As
with magma chamber dimensions, the orientation of these dykes can also indicate the
direction of σ (Figure 6.5.). As the dykes form from the central conduit, their direction is
influenced by the uniform hydrostatic pressure of the magma, giving them a radial trend. As
the dykes propagate further away from the central conduit, or magma chamber, the effect of
the regional stress regime becomes more apparent, causing the dykes to become parallel with
the new σ direction. Therefore the proportion of the dykes in close pro imity to the central
conduit will have a radial trend.

Figure 6.5. Dykes originated from a central polygenetic conduit. As they progress further away
from their the origin, larger scale processes effect the direction of σ , which in t rn is reflected
by the new dyke orientation. From Nakamura (1977).

The strikes of the five near-vertical trachytic dykes were measured on the inner wall of the
caldera’s topographic rim (Figure 6.6.). Only a portion of the rim, the north-east section,
crops out strongly, with the southern and western sections being covered by post-caldera
pumiceous resurgence material. From the strike of these dykes, it is evident that there are
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insufficient data to ded ce a dominant direction for σ . If the strike along the entire length of
the dykes were able to be measured and if more dykes could be identified within the other
quadrants of the caldera, these could be correlated with the dimensions of the chamber to gain
a better understanding of the stress regime.

Figure 6.6a. Locations of the dykes visible on the inner wall of the caldera’s topographic
rim. The data are ins fficient to ded ce a dominant direction for σ . The average bearing
for the dykes, 060° is skewed by the sample locations within the NE quadrant.

Figure 6.6b. Image of Dyke-14. The base
of the dyke is 6 m across.
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6.4

Rheology of Flows

6.4.1

Introduction

The use of DEM (digital elevation models) to determine the physical characteristics
and subsequent SiO2 content has been used extensively on Martian lava flows (Hulme, 1976;
Baloga et al, 2003; Griffiths et al., 2006; Hiesinger et al., 2007 and Pasckert et al., 2012) and
more locally, on terrestrial flows in tropical environments where sampling is either not
possible due to funding or terrain (Berstero et al., 2006). Hulme (1974) illustrates that lavas
act as non-Newtonian fluids or an isothermal Bingham liquid whereby the motion, shapes and
dimensions of lava flows are a result of shear stresses which have to be overcome, in order
for flow to occur. On the other hand, a Newtonian fluid will continue to flow down a slope
until there is no more fluid available. This major assumption is supported by the fact that
most lava flows will come to rest on a slope as soon as the supply of fresh lava ceases with
many flow fronts being high and steep although unconfined by topographic features.

All studies which aim to determine the SiO2 content of a flow are based on results obtained by
Hulme (1974) who calculated the yield stress of a flow from Mauna Loa, from its physical
characteristics and angle of repose. The resultant yield stress was compared to the only
account of the stress being measured directly in the melt. This was carried out by Shaw et al.
(1968) by sinking the head of a rotating cylinder viscometer in Makaopuhi lava lake. The
Payún Matrú volcanic field is an ideal location to test this method, due to the close proximity
of many flows, temporally and spatially, and their relatively young age, Late Pleistocene (285
± 5 ka) - Holocene (7 ± 1 ka) (Germa et al., 2010).

6.4.2

Data collection

The lava flows within the Payún Matrú volcanic field were visually identified using
Google Earth, with imagery of the areas around Payún Matrú captured by the WorldView-2
and SPOT 5 satellite sensors (Satellite Imaging Sensors, 2012).
Thirty flows were selected and polygons were created around them, then they were saved as
KML files and converted to layers ArcMap 10. GeoMapApp, a basic spatial data processing
program, available on the internet, was used to create the cross-sections across the top of the
lava flows. This online program allows the user to download tiles upon closer inspection of
Payún Matrú, from the ASTER GDEM (Advanced Spaceborne Thermal Emission and
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Reflection Radiometer, Global Digital Elevation Model) dataset. This DEM is produced from
stereoscopic (three-dimensional) images and STE has a spatial resol tion of 5m, with
errors in height less than

m for

of the globe and a mean error of 2 m.

Sections which were constructed on the DEM were exported to Microsoft Excel, where the
data were viewed in a series of tables. The point at which the section crossed a topographical
contour was represented as a point in the table which had the attributes; longitude, latitude,
elevation (m) and the distance (km) from the start of section to that particular point which lay
upon it. These attributes then easily converted into binary graphs.
The cross-sections created had to represent the overall characterises of the lava flow. This
was assured with the construction of nine sections evenly along the length of a flow, with the
flow then broken into three portions, each having three sections (Figure 6.7). From the
graphs, the flow thickness (H), flow width (Wf ) and levee width (Wl ) were measured (Figure
6.8a). In regards the measuring of levee width, the methods adopted by Hulme (1976) was
used rather than the one proposed by Berstero et al. (2006) both of which were measured
from the base of the flow, where the outer edge is in contact with the original surface, though
the former author measured from this location to the apex of the levee, with the latter
measuring through to the trough between the levee and the main flow. Though the methods of
Berstero et al. (2006) were most likely a better representation of levee width, the resultant
SiO2 calculations were much higher, at 50-75%, and greater than the measured SiO2 content
for the three test flows.
The angle of the underlying slope was obtained from the average slope either side of the
flow, and in some rare cases, the slope of the ground immediately in front of the flow, as to
avoid skewing of the slope angle from past or post-adjacent lava flows. From the four
sections made of the slopes, the average slope angle was calculated (Figure 6.8a, b) and the
length of the flow was determined by the combined distance of 3 or 4 sections, depending on
the length of the flow.
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PM_flow-22

# 1.

# 2.

# 3.

Figure 6.7. The dividing of PM_flow-22 into three portions, #1, #2 and #3, with the resultant cross-section
from the middle of each portion shown. The three sections for each portion were then used to determine the
SiO2 content for each portion. The grey symbol illustrates the location of the Hernando et al. (2012) rock
sample, PM-47. The SiO2 content of Hernando et al. (2012) PM-47, along with PM-37 and PM-36, were used
to test the equations.
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Figure 6.8a. Physical attributes measured from each section, flow thickness (H), flow width (Wf) and
levee width (Wl).

Figure 6.8b. The calculation of the average slope. This was section No. 2 of 4 from PM_flow-22. The
angle of the linear trend line was used to demonstrate the overall angle of the flows.
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6.4.3

Data synthesis

The measurements from the sections were placed into three equations, to determine
the yield strength (Y), which were as follows:

Y = yield strength
q = bulk density
g = gravity
H = flow thickness
Wf = flow width
Wl = levee width
L = flow length
θ = topographic gradient

(1)
(2)
(3)

Assumed parameters which were incorporated into the calculations include, the bulk density
of the flow (q), at 2700
gravity (g), 9.81

, noted by Pocock et al. (2011); and the acceleration due to
. The method to determine the final SiO2 content is outlined below,

and was initially used to test which of the above equations were the most accurate. The test
involved the measured SiO2 content of three flows and their comparison to the methods
outline in Appendix C. Equation (1) was the most accurate; this was most likely because it
utilised the thickness of the flow for the characteristic of the flow, rather than the levee width
or the flow width, which were both found to be highly variable along the length of the flow.

F = effusion rate
K = thermal diffusivity of the flow
Wl = levee width
L = flow length
H = flow thickness

(4)

The effusion rate, F in Equation (4) is the amount of magma which is generated over a period
of time. Flows with a higher viscosity generally have lower effusion rates. This equation
contains two parameters which are assumed to be correct; these are the Graetz number and
the thermal diffusivity. The use of the Graetz number in determining the effusion rate of a
lava flow is implying that the conductive cooling of the flow has the greatest influence over
the physical characterises of the flow. This dimensionless number is suggesting the centre of
the lava flow cooled due to conduction from the core to the outer layers. The Graetz number
was developed to calculate the heat loss of a warm laminar fluid flowing through a cooler
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pipe (Crisp and Baloga, 1990). Pasckert et al. (2012) state that the Graetz number initially
starts at around 1000 when the lava is flowing, though drops when the flow has come to rest.
This lower end number is roughly 300, and was subsequently used in the calculations here.
The thermal diffusivity (k) of the flow was estimated to be 8x10-7 m2.s-1 (k =7x10-7 m2.s-1 for
mafic lavas and 8x10-7 m2.s-1 for intermediate lavas) (Berstero et al., 2006). The rates of
effusion ranged from 1.06 m3.s -1 for the vitreous PM_flow-30 and 61 m3.s -1 for the basaltic
PM_flow-24.

η = apparent viscosity
Wl = levee width
Y = yield strength
F = effusion rate

(5)

Viscosity was calculated from Equation (5) above. Mineralogically, the viscosity of a lava
flow will increase with an increase of SiO2 content, which is demonstrated by Equation (6).
This is because of the polymerization effected between the bonded oxygen anion and silica
cations with other bonded oxygen-silica tetrahedral structures. This occurs well above the
crystallization temperature, and thus increases the viscosity of the magma, while it is still a
liquid (Gill, 2010). These covalent bonds between the oxygen-silica tetrahedral structures are
the dominant factor in determining the viscosity of the lava as they are present in far higher
amounts in comparison to other interacting molecules. The lowest calculated viscosity was
from PM_flow-24 with 1.59 x 105 N sec m-2, the highest was from PM_flow-30 at 1.51 x 1010
N sec m-2 and the average was 3.37 x 109 N sec m-2. From this alone it is apparent that most
of the flows were towards the more viscous N sec m-2 values, with a change in this apparent
viscosity, from the lowest to the highest values increasing by a magnitude of 5, again
illustrating the importance of SiO2 within the flow.

(6)

Once the apparent viscosity of the flow ( ) was determined, the SiO2 content was calculated
from the simple logarithmic relationship between the two. This relationship was mentioned
earlier in the chapter from field work carried out by Hulme (1974) on lavas from Mauna Loa
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and Paricutín, where the angle of repose on the advancing edge of an active flow was
measured. The calculated values were 1.7 × 105 and 3.6 × 106 N sec m-2 (Hulme, 1976). The
SiO2 content from each of the three portions from the flows around Payún Matrú were
averaged to provide a generalised SiO2 content for each lava flow. This was carried out to see
whether the physical characteristics, which are reflected by the SiO2 content, changed over
the length of the flow. Such variations were negligible.

6.4.4

Results

From the 30 flows which were selected on Google Earth, only 16 of them could be
identified on the DEM. Flows which were essentially invisible on the DEM had lower SiO2
contents than the lowest measurable flow, though, it is highly unlikely that they were
ultrabasic in nature, given that ultrabasic rocks are largely restricted to the Proterozoic (> 542
Ma) or large layered magma chambers (Gill, 2010), the rocks of interest at Payún Matrú
rocks are at the very oldest, Miocene (> 23 Ma) in age. These flows with low SiO2 contents
were limited to the eastern El Ringo and western Los Volcanes basaltic fields, as supported
by Germa et al. (2010) and Inbar and Risso (2001a). This theory is reinforced by lava flow
PM_flow-08, which was one of the flows that could not be identified on the DEM; it had a
measured SiO2 content of 48.15 wt %, sample PY 13 (Hernando et al., 2012).
When the yield strengths, effusion rates, viscosities and SiO2 contents are plotted against
each other for each of the 16 flows, relationships between them are evident. PM_flow-24 (#
13) and PM_flow-30 (#16) represent the two extremes in physical characteristics (Table 6.1
and Figure 6.9). For PM_flow-24, a decrease in viscosity is reflected by a decrease in SiO2
content and an increase in the effusion rate, and the opposite is apparent with PM_flow-30,
with an increase in viscosity, SiO2 and a decrease in the effusion rate. The yield strength
varied marginally between the flows, these relationships illustrate that the equations used
provided plausible results.
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No. in table
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Flow No.
PM_flow-1
PM_flow-2
PM_flow-3
PM-flow-13
PM_flow-14
PM_flow-15
PM_flow-17
PM_flow-18
PM_flow-19
PM_flow-20
PM_flow-21
PM_flow-22
PM_flow-24
PM_flow-28
PM_flow-29
PM_flow-30

Yield Strength (Pa)
1.42E+05
2.87E+05
3.77E+05
1.20E+05
2.15E+05
1.89E+05
1.88E+05
2.61E+05
1.19E+05
1.68E+05
8.51E+04
2.15E+05
2.56E+05
1.99E+05
9.57E+04
4.66E+05

Effusion Rate (m3.s-1)
3.86
2.86
3.50
11.21
6.69
9.14
3.70
2.34
9.02
7.95
5.23
24.16
61.79
20.97
2.88
1.07

Viscosity ( N sec m-2)
1.33E+10
1.28E+10
3.88E+09
1.39E+08
3.76E+08
4.27E+09
1.32E+09
1.08E+09
1.26E+08
4.34E+08
9.71E+07
2.26E+08
1.59E+05
1.36E+08
5.47E+08
1.51E+10

SiO2 (wt %)
63
65
65
59
63
65
64
66
60
64
60
64
50
58
62
67

Table 6.1. Results to support Figure 6.10. Highlighted lines represent the flows with the lowest and highest calculated
SiO2 contents.

PM_flow-30

PM_flow-24

Figure 6.9. Each flow is represented by a number on the x-axis, which is explained in Table 6.1. The two flows which
have the most extreme values, PM_flow-24 (#13) and PM_flow-30 (#16) are outlined to illustrate the predicted inverse
relationship between viscosity and the rate of effusion. The viscosity also correlates with SiO2 content which is difficult
to see relative to the other values on the log scale.
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As stated previously, three of the resultant 16 flows were tested against chemically analysed
samples from the flows (Hernando et al., 2012). The average margin of error between these
and flows PM_flow-9, 22 and 28 was ± 11%. This margin of error was assumed for the other
flows, and was applied to the final SiO2 results. The classification of the flows on the basis of
SiO2 alone meant the traditional total alkali vs silica (TAS) plot for nomenclature could not
be used, due to alkali content data being absent. The flows were grouped into ultrabasic,
basic, intermediate and acid (Figure 6.10) (Le Maitre, 2002). From the graph below, it is
evident that most of the flows sit within the intermediate range. This is as expected for the
flows on the flanks of Payún Matrú, due to their assumed evolved nature, and with the more
mafic flows in El Ringo and Los Volcanes fields.
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PM_flow-01
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(andesite,
trachyandesite,
trachyte)
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ACID
(vitreous trachyte, rhyolite)

SiO2 Wt %
Figure 6.10. The calculated SiO2 contents for the lava flows. These values are based on the flows physical
characteristics.
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80

The classified flows were placed in ArcMap 10 (Figure 6.11) and visually compared to the
most recent geological map of the Payún Matrú Volcanic field (Figure 1.1), produced by
Hernando et al. (2012). The flows that originate from La Carbonilla Lineament, within Los
Volcanes and El Ringo fields, are in blue. Flows on, or originating from the flanks of Payún
Matrú are intermediate, yellow, with later flows higher on the flanks of the caldera are
classified as acid, and are orange. The SiO2 content of PM_flow-28 was overestimated, as it
is clearly identified as a flow from Los Volcanes field and the basaltic classification
Hernando et al. (2012) have given it. This is due to the fact that this was the first flow which
was measured and interpreted, illustrating the subjectiveness of the methods when the
physical attributes of the flow are measured from the cross-sections.

Figure 6.11. Geological map of the Payún Matrú Volcanic Field constructed from the SiO2 estimation results
available in Figure 6.11.
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The primary aim of this research project was to describe the history and evolution of Payún
Matrú caldera. A selection of flows was made around the caldera, which were presumed to be
associated with the sub-volcanic chamber. This selection excluded any flows which are
present in the eastern El Ringo field, outlined by Inbar and Risso (2001a) and Los Volcanes
to the west, discussed by Germa et al. (2010). All of these flows were able to be identified on
the DEM and their calculated SiO2 content was ranked from the most mafic flow, which was
PM_flow-13 at 59 wt % SiO2 to the most felsic, PM_flow-30 at 67 wt % SiO2. These two end
members were colour-coded black and white respectively. All the flows between them were
colour coded according to their SiO2 content (Figure 6.12).
Another assumption which had to be made is that the more evolved magma, which erupted at
a late stage in the caldera’s history, is located stragraphicaly towards the top of the caldera,
which is now the topographic rim. From Figure 1.1 it is evident that the lighter coloured
flows are in fact higher on the caldera’s flanks than the more mafic flows. Therefore
according to this method, flows which were erupted early the life of the chamber, have a
lower SiO2 content, with flows becoming more evolved with time. This process continued
after caldera formation.
Also, when the flow dimensions of the more siliceous flows are compared to the mafic flows,
their flow length verse their flow width ratio is much higher. This is from the increase in
viscosity and the reduction in the overall flow length, which would also increase this ratio.
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Figure 6.12. Lava flows assumed to be associated with the sub-volcanic magma chamber. More siliceous flows are
towards the top of the caldera’s flanks, with more mafic flows, with a lower SiO2 content towards the base. The
more mafic flows are also assumed to be earlier than the highly siliceous ones, which would occur as the chamber
evolves and becomes more siliceous over time.
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6.5

Summary

From the observations of analogue models and their comparison with field
observations, it is evident that the dimensions of the topographic rim of a caldera reflect the
outline of the underlying magma chamber, which the volcanic edifice collapses into. The
construction of cross-sections illustrate the circular nature of the Payún Matrú caldera and the
subsequent underlying magma chamber, meaning it formed in a near-neutral stress regime.
Only five dykes were observed in the field, all of which were within the northeast quadrant.
Data collected were insufficient to suggest a primary stress regime, which would have been
reflected by the dykes having a radial or elliptical trend.
The distribution of the calculated SiO2 contents ranges from 50 wt % - 67 wt % SiO2, with an
even distribution of the 14 other flows between these two end members. In cases where the
flows could not be identified on the DEM, the assumption that they are basic in nature, most
likely basaltic, is true, by comparison to the most recent geological map of the field. An
obvious error with this assumption is the case of PM_flow-23, which is represented as a
vitreous trachyte flow by Hernando et al. (2012), although it would be classifed as a basic
flow with the method in this project. This error is from the reduction of apparent thickness of
the flow due to a ‘channelling effect’. Here the flow will fill a valley-like depression, giving
the impression of a smaller levee width and relative flow thickness.
Another limitation to this method is the fact that it cannot discriminate flows with varying
alkali contents, limiting the nomenclature of flows, most notably in the intermediate SiO2
range. Another technique which could be used to demonstrate the changing viscosity of the
flow would involve the rigorous construction of cross-sections on flows to determine their
physical attributes as they cool towards the distal end of the flow. This is determined by the
accuracy of the DEM and the nature of the attributes, such as the levee width, which is very
subjective, as mentioned earlier.
Flows which are located on the topographic rim of the caldera, which are also the flows that
are the last volcanic products erupted, prior to caldera formation, are more siliceous than
those located further down the flanks. This demonstrates that magmas in this region are
highly influenced by the sub-volcanic chamber and are likely derived from its evolved
portions.
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Flows which are located within Los Volcanes and El Ringo volcanic fields, either side of
Payún Matrú on La Carbonilla Lineament, have had little assimilation or evolution from their
mafic parental magma. Flows which were the same composition as those seen within the two
fields could have also been emplaced into the base of the Payún Matrú caldera, which would
explain phenocrysts with dis-equilibrium textures seen within the Payún Matrú volcaniclastic
rocks.
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CHAPTER SEVEN
Discussion and Paragenesis

7.1

Discussion

A detailed petrological and geochemical analysis has allowed for the identification of
seven rock suites which comprise Payún Matrú. The description of mineral textures and
assemblages, as well as the elucidation of major- and trace-element trends, which reflect the
nature of the parental magma, the timing of crystal fractionation events, and the introduction
of mafic material, allowed the evolution of the caldera to be reconstructed. Magma mixing,
between evolved and primitive melts, was the dominant process leading to chamber overpressurisation and subsequent caldera formation.
The identification of mineral assemblages, which did not grow in equilibrium, such as the
heavily sieved sanidine phenocrysts found in the post-caldera mafic flows (PM-32), and the
olivines with iron-deficient rims, within the pre-caldera flows (PM-5) were the key identifier
for magma mixing processes. The lack of hydrous minerals, the depletion of aqueous mobile
large-ion lithophile elements (Sr, Ba) in the parental magma, and the lack of pumiceous
volcaniclastic deposits, pre-caldera, support the hypothesis that the build-up of volatiles at the
top of the chamber, was not a precurser for caldera formation.
This research project extends previous findings by Hernando et al. (2012), who proposed a
magma chamber resided beneath Payún Matrú, and that magma mixing was occurring during
the evolution of the volcanic centre. Germa et al. (2010) acknowledged the mixing of mafic
material with the more evolved flows, though they state that edifice collapse was due to
regional extension, and not due to over-pressurisation of the chamber. This extensional stress,
proposed for caldera formation, is plausible in a regional setting, through it would have only
been a minor contributor, as the shape of the caldera and limited data on dyke orientation in
this research project, indicate that the chamber was emplaced into a near-neutral stress
regime. Also, the presence of major faults within the walls of the caldera, particularly where
the walls orientate with the proposed location of La Carbonilla Lineament, are either
obscured or absent. If there were any faulting within the region of the caldera, as a response
to regional extension, it would be reflected by movement along this lineament.
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Germa et al. (2010) also state that the geochemical signature of the ignimbrite is the same as
the other units, and that the lack of dis-equilibrium textures within the phenocrysts of the
Portezuelo Ignimbrite illustrate that magma mixing was not the cause of caldera formation.
My research project proposes that only the evolved portion of the chamber was erupted. This
theory is supported by Hernando et al. (2012).
The identification of hydrous minerals within the pre-caldera dykes and intrusion were
unusual as they were not found elsewhere within the caldera (apart from the ignimbrite). It is
assumed they either formed from the interaction of meteoric water, within the country rock or
from the melt’s de teric fluids. Which of these remains unclear, though the former is thought
to be responsible, as the intraplate nature of Payún Matrú means it is heavily depleted in
large-ion lithophile elements (LILE), which are a precursor for a low magmatic-H2O content.
From the spider diagrams (Figure 5.7), it was discovered that the post-caldera mafic flows,
were likely the closest representation to for the parental melt, from which all the lava flows
comprising Payún Matrú were derived. This was based on the low SiO2 content with other
major oxides, the relatively flat trace-element plot, and the high proportion of unaltered
olivine phenocrysts visible in petrological thin sections.
The relationship between crystallising mineral assemblages and the changing environment
within the chamber was most notable between the pre-caldera and post-caldera rocks. With a
strong depletion of LILE, particularly Ba and Sr in the latter units. Though this is likely due
to the fractional crystallisation of minerals high in Al2O3 (feldspars), seen in Figure 5.2, the
removal of LILEs could also have been the result of ignimbrite eruption and volatile removal.
This hypothesis needs further supporting evidence, not only in the context of Payún Matrú,
but across other large caldera-forming eruptions.
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7.2

Paragenesis

The following diagrams represent the relationship between the Nazca Plate and the
overriding South American Plate, from the Middle Miocene to present, as proposed from Kay
et al. (2006).

Figure 7.1. Plate motion in the Middle Miocene (19-16 Ma), the period prior to the
shallow dip angle of the Nazca Plate. The Trapa Trapa Formation represents the last
period of volcanism on the main arc during the Miocene.

Figure 7.2. During the Late Miocene (8-5 Ma), the downgoing slab shallows, setting up
a contractional regime in the retro-arc. Formation of the thin-skin Malargüe Fold-Thrust
Belt (MFTB) and the thick-skin San Rafael Block (SRB) occurs at this time. Volcanism
is absent in the retro-arc during this period and the bottom of the crust is slightly
hydrated.
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Fig re . . s the slab ret rns to its steeper dip angle, the relatively hot asthenospheric
wedge flows laterally and prod ces a -6% melt, which it largely homogeneous. Payún
Matrú forms from this intraplate-like melt, whereas Tromen has more of an arc-like
signature, from the fluxing of the slab fluids.

Depth to Moho
at 36°S
(Mazzarini,
2008)

45-50 km

Figure 7.4. For Payún Matrú, this melt rises through La Carbonilla lineament. Where it
reaches the surface uncontaminated, it forms scoria cone fields. The chamber beneath
Payún Matrú most likely started as a sill, within the layered country rock.

,
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The following diagrams have been constructed from the mechanisms proposed in this
research project.
Last vitreous flow before caldera
formation (sample PM-18 and
19a, b)

Los Volcanes and El
Ringo fields

Dykes and intrusions.
Early pre-caldera units
(sample PM-5)

Addition of H2O?

Depth of
2 km
Neuguén
Basin (Veiga
et al. 2005)

Zoned chamber
Influx of mafic melt

4 km

Figure 7.5. Development of the pre-caldera polygenetic volcano. A zoned magma
chamber is present, with the latest vitreous flows representing the most evolved portion.

Minor biotite and
hornblende
Removal of LILE?

2 km

Outward-dipping
reverse fault,
permitting edifice
collapse

4 km

Relative increase in
the mafic portion of
the chamber

Figure 7.6. Caldera formation and eruption of the Portezuelo Ignimbrite. Influx of
mafic material causes the chamber to become overpressured. Evacuation of only the
evolved portion of the chamber.
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Portezuelo Ignimbrite (samples
PM-20 and 37)

Post-caldera mafic flows
(samples PM-32 and 23)

Youngest basaltic
flows (sample PM32)
Unknown
composition
2 km

4 km

Figure 7.7. Eruption of post-caldera mafic flows, which represent the lower portion of
the chamber.

Late vitreous flows (sample PM-27)

Post-caldera blocky flows (sample PM-22)
Extra-caldera flows
(samples PM-35 and
36)

Depletion of LILE,
crystallisation of
feldspar

Ascent controlled by
circular ring fault
2 km
Waning of
mafic magma
4 km

Figure 7.8. Waning of mafic magma allows the melt in the chamber to evolve.
Intermediate flows erupt; the new environment allows for the crystallisation of sanidine
feldspars with a depletion of LILE. Vitreous flows erupt last, and are controlled by the
circular ring fault. The volume of vitreous lava is small compared, to pre-caldera flows.
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CHAPTER EIGHT
Conclusions and Recommendations
8.1

Conclusions

The Payún Matrú caldera was formed as a result of a zoned sub-volcanic magma
chamber, becoming pressurised from the influx of primitive mafic material, which was found
to be largely homogeneous. The zonation within the chamber is evident from the heavily
sieved and zoned, higher temperature, higher-pressure sanidine feldspar phenocrysts adjacent
to clear, euhedral, lower-temperature plagioclase crystals. Also, prior to caldera formation,
vitreous flows were erupting from the volcanic centre although preceding caldera formation,
mafic flows erupted, with a high olivine and heavily sieved sanidine phenocryst content. The
ignimbrite deposit is geochemically similar to units that were erupted shortly prior to caldera
formation. The eruption only evacuated the evolved upper portion of the chamber. The lower
portion of the chamber was the site of the magma mixing, and these hybrid melts are
represented by the post-caldera mafic flows.
Hydrous minerals present in the dykes and intrusions are likely the result of an interaction
between the melt and meteoric groundwater. The intra-plate magmas are relatively dry
compared to their arc-like neighbours, and the likelihood of H2O being derived from the melt
is small.
The overpressuring event in the chamber, leading to rapid chamber depressurising and
subsequent edifice collapse, was caused by the introduction of mafic material. The build-up
of volatiles within the top of the chamber is unlikely due to the lack of previous ignimbrite
deposits in the region of the caldera, and the near-absence of minerals which form when
volatiles such as H2O are present (e.g. biotite, hornblende). If regional extension caused the
chamber to rupture then it would have been expressed by movement along La Carbonilla
Lineament, which is not apparent on the inner walls of the caldera.
The Payún Matrú caldera has an intraplate-like geochemical signature, with a lack of aqueous
fluids fluxing from the subducting slab. This has led to its being relatively enriched in high
field-strength elements (HFSE) and depleted in large-ion lithophile elements (LILE). The
removal of LILE progressively with the evolution of the melt is in accord with crystal
fractionation of mineral assemblages, notably sanidine feldspar phenocrysts in the post- 113 -

caldera chamber. This strong depletion of LILE in the post-caldera units is supported by a
decrease in the Al2O3 content and the dominance of large, un-sieved sanidine phenocrysts
within the intra-caldera blocky flows. These flows are similar, petrological and
geochemically, to the extra-caldera flows, on the flanks of the caldera.
The waning of mafic material within the vicinity of the caldera is apparent after caldera
formation, with a reduction in phenocrysts with dis-equilibrium textures and a lack of
interaction between the most primitive magma and the evolved end-members, with a
relatively flat trace-element plot for the primitive member and the depletion of LILE within
the post-caldera flows, illustrated on the spider diagram.
From the assumed chamber dimensions and its surface expression along with limited data on
dyke orientation, the chamber was emplaced into a relatively neutral stress regime. The
estimation of the SiO2 content in the lava flows around the Payún Matrú volcanic field from
their physical characteristics was successful. It illustrated that if a lava flow had a low
viscosity, such as one with a basaltic composition, it is difficult to identify on a conventional
digital elevation model. The identification of flows believed to have originated from the
magma chamber beneath Payún Matrú, were ranked based on their SiO2 content. The
younger flows had a higher SiO2 content, and are located close to the modern caldera’s
topographic rim, as expected.
The misclassification of flow compositions (based on physical parameters and calculated
viscosity) can occur when there has been either a pyroclastic deposit, post-eruption of the
lava flow, or if the lava flows down a valley-like depression. Both of these will give the
impression that the vertical relief of the flow is less than it actually is for a flow of a given
viscosity. The classification of lava flows around the Payunia volcanic fields agreed with the
most accurate geological map available (Hernando et al., 2012).
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8.2

Recommendations

In addition to the preliminary analysis carried out in this research project, work needs
to be carried out to describe, in detail, how mineral assemblages represent varying pressure
and temperature conditions within the chamber, such as the zoning noted in feldspar
phenocrysts, and the presence of magnetite verses olivine. The relationship between the
evolving units of the caldera with the dip of the downgoing Nazca Plate and the degree of
assimilation with the country rock also need to be investiagted with Sr, Pb, Nd and O isotopic
analysis.
The age for caldera formation, noted by Germa et al. (2010), is said to have occurred between
168 ± 4 ka and 86 ± 1 ka, a 86 ka gap. Large, un-zoned biotite phenocrysts were identified in
the Portezuelo Ignimbrite, the unit deposited at the time of caldera formation. K/Ar or 40Ar/ 39
Ar dating of these potassium-rich phenocrysts could be used to constrain the timing of
caldera formation.
The method of estimating the SiO2 content of lava flows, from their physical characteristics
on a DEM is too subjective between several authors’ methods, to be used as any real
diagnostic feature. A more rigorous method needs to be developed in order to compare the
SiO2 contents between fields and more importantly authors and their methods. A detailed
analysis of how the physical characteristics of a particular flow change along its length
according to its known SiO2 content, properties of the underlying slope and its initial crystal
content, could then be conducted.
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APPENDIX
Appendix A
SAMPLE LIST

-

Pre-caldera flows (Pre-CF)

- Extra-caldera flows (Ext-CF)

-

Pre-caldera dykes/intrusions (Pre-CDI)

-

Syn-caldera ignimbrite (Syn-CI)

-

Post-caldera mafic flows (Post-CMF)

-

Post-caldera blocky flows (Post-CBF)

-

Post-caldera vitreous flows (Post-CVF)

Sample

Location

Unit

Dyke
Strike:Dip

PM-2
PM-3
PM-4
PM-5
PM-6
PM-7
PM-8
PM-9
PM-10
PM-11
PM-12
PM-13
PM-14
PM-15a
PM-15
PM-16
PM-17
PM-18
PM-19a
PM-19b
PM-20
PM-21
PM-22
PM-23
PM-24
PM-25
PM-26
PM-27
PM-28
PM-29
PM-30
PM-31
PM-32
PM-33
PM-34
PM-35
PM-36
PM-37

36°23'41.46"S 69°11'16.80"W
36°23'53.52"S 69°10'50.88"W
36°23'59.46"S 69°10'26.94"W
36°23'58.42"S 69°10'1.13"W
36°23'58.42"S 69°10'1.13"W
36°23'47.04"S 69°10'6.71"W
36°23'18.13"S 69°10'33.42"W
36°23'46.39"S 69°10'5.34"W
36°23'46.39"S 69°10'5.38"W
36°23'59.46"S 69° 9'58.93"W
36°24'7.70"S 69° 9'50.65"W
36°24'31.72"S 69° 9'33.80"W
36°24'40.50"S 69° 9'26.53"W
36°24'53.14"S 69° 9'28.80"W
36°24'46.76"S 69° 9'47.23"W
36°22'50.52"S 69°10'58.84"W
36°22'34.72"S 69°10'58.84"W
36°22'31.19"S 69°11'36.60"W
36°22'32.23"S 69°11'37.90"W
36°22'32.23"S 69°11'37.90"W
36°22'32.23"S 69°11'37.93"W
36°22'36.73"S 69°11'37.90"W
36°23'37.36"S 69°13'12.18"W
36°23'52.94"S 69°13'41.16"W
36°24'34.24"S 69°14'43.48"W
36°24'48.60"S 69°14'49.24"W
36°23'35.99"S 69°13'50.63"W
36°22'41.20"S 69°13'58.94"W
36°22'27.34"S 69°12'53.32"W
36°22'27.34"S 69°12'41.80"W
36°22'27.34"S 69°12'41.80"W
36°22'31.80"S 69°12'31.39"W
36°22'38.75"S 69°13'6.42"W
36°22'3.14"S 69°13'23.05"W
36°20'4.56"S 69°16'10.06"W
36°18'31.28"S 69°17'45.67"W
36°26'30.84"S 69°22'41.27"W
36°15'13.10"S 69°24'8.64"W

Post-CBF
Post-CBF
Post-CBF
Pre-CF
Pre-CF
Pre-CF
Pre-CDI
Pre-CDI
Pre-CDI
Pre-CF
Pre-CDI
Pre-CDI
Pre-CDI
Pre-CDI
Post-CBF
Pre-CDI
Post-CBF
Pre-CF
Pre-CF
Pre-CF
Syn-CI
Pre-CDI
Post-CBF
Post-CMF
Pre-CF
Post-CVF
Post-CVF
Post-CVF
Post-CDI
Pre-CDI
Pre-CDI
Pre-CDI
Post-CMF
Syn-CI
Pre-CF
Ext-CF
Ext-CF
Syn-CI

S: 045 D: 90

S: 045 D: 72
S: 090 D: 90
S: 100 D: 90

S: 050 D: 90
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Thin section
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

XRF
(Trace)
x
x
x
x

XRF
(Major)
x
x
x
x

x

x

x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Appendix B
PETROGRAPHIC DESCRIPTIONS

Sample: PM-2
Texture &
grainsize
Primary
mineralogy

Holocrystaline groundmass, with 20 μm
μm bladed feldspar microphenocrysts,
and an overall trachytic feldspar alignment. The rock is porphyritic with -2
simple twinned sanidine, with minor, 5% ferromagnesian oxides and olivine.
Feldspar: Very little to no sieving on the K-rich sanidine crystals, which in euhedral
and on average are 600 μm in size.
Ferromagnesian minerals: Olivine phenocrysts show little zoning, though 10% do
have iron deficient rims (indicated by a continuous zoning from the blue core under
cross-polarized light to more yellow colours). 80-90% of the olivine crystals are
coupled with black magnetite. 1-2% of the groundmass is affected by sericite
alteration.
Intra-caldera, atop intra-caldera trachyte flows. Post-caldera.

Volcanic
setting
Classification Trachyte (ignimbrite) (TAS).

Sample: PM-3
Texture &
grainsize

Primary
mineralogy

Extremely fine grained trachyte groundmass, consisting of feldspar
microphenocrysts, De-vitrification of 8 -90% of glassy matrix between the
microphenocrysts. Texture is porphyritic, with phenocrysts making up 25-30% of
the rock volume. 10-15% of the sample is vesicles. Phenocrysts are quartz, feldspar
(80% sanidine, 20% plagioclase) and minor ferromagnesian minerals (olivine and
magnetite).
Quartz: Large phenocrysts 10 mm across, contains inter-grown quartz crystals, and
is anhedral with -5 incl sions, which is the same for the smaller crystals ( 2 400 μm) and make up 7-5% of the rock.
Feldspar: Make up 5 of the sample, 150-500 μm long euhedral sanidine
crystals are well formed, they have no sieving, or zoning, though there is 5 minor
inclusions.
Ferromagnesian minerals: Olivine crystals are <5% of the rock volume, they are
mostly anhedral, with rare (2) euhedral crystals in the groundmass. All are associated
with magnetite, which is roughly 30% their volume. Half of the olivine crystals are
zoned the others are not.
Intra-caldera lava flow. Post-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM-4
Texture &
grainsize

Primary
mineralogy

Red colour in groundmass is from the de-vitrified glassy matrix between the very
fine trachytic feldspar microphenocrysts. Separate domains have their own
alignment. The sample is porphyritic with 80% of the phenocrysts being sanidine
with minor microcline present. Phenocrysts make up 10-15% of the rock. <5% are
olivine phenocrysts.
Feldspar: Euhedral to sub-euhedral, 200 μm-3 mm. No zoning and no sieving.
have fractures which contain oxides, which run from the groundmass into the
sanidine crystals.
Ferromagnesian minerals: Little zoning apparent in the anhedral olivine
phenocrysts which are
μm in size. 5% are of the crystals are completely
replaced by magnetite.
‘red’ proportion of an intra-caldera trachyte flow. Post-caldera.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM-5
Texture &
grainsize

Primary
mineralogy

Trachytic groundmass, consisting of feldspar microphenocrysts. With an overall
seriate te t re. The larger phenocrysts (8 μm x 300 μm) are plagioclase feldspars
with minor ferromagnesian minerals, which occupy <7% of the rock volume. The
rock consists of 10-15% vesicles, which is relatively high.
Feldspar: >95% of them are bladed euhedral plagioclase crystals with minor sieving
around the rims, 10% have moderate sieving. 15-20% have gradual zoning.
Ferromagnesian minerals: Sub-euhedral olivine crystals, 50μm in width
occupy <5% of the rock volume. They are associated with black magnetite and
hematite crystals, which are included in the crystal though, are more common
attached to the rims. Hematite staining is apparent in the trachytic groundmass.
Early lava flow, base of Payún Matrú.

Volcanic
setting
Classification Trachyandesite (TAS).

Sample: PM-6
Texture &
grainsize
Primary
mineralogy

Porphyritic with sub-euhedral twined plagioclase phenocrysts 0.5-1 mm in length
making up 50% of sample. Groundmass consists of pilotaxitic interlocking feldspars
(sanidine with simple twining).
Feldspar: 60% of feldspar crystals are sanidine, and
being plagioclase, with
20% of these plagioclase crystals have oscillatory zoning. Most (>75%) of the
400 μm, feldspar crystals have some degree of sieving and Swallow-tailed crystal
shapes.
Ferromagnesian minerals: 10% of the sample is euhedral olivine crystals, which
have iron rich cores and depleted rims. Many (
) of the original crystals have
been replaced with blood red and black ferromagnesian oxides. These deep red
oxides are common in these early Payún Matrú lava flows.
Lava flow, intra-caldera. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 7
Texture &
grainsize
Primary
mineralogy

Vitreous matrix, with feldspar microphenocrysts. In some domains, the 20-100 μm
long microphenocrysts are aligned. Sericite in nat re, with
of the crystals being
>1mm. Plagioclase is the dominant phenocryst, with large crystals of olivine.
Feldspar: 90% of the feldspar crystals are plagioclase, (with minor simple twinned
sanidine crystals). Plagioclase crystals are
-18 mm and they occupy 15 20% of
the sample vol me. oning is minor and were where present, is contin o s between
the plagioclase crystals. They have light to minor sieving aro nd their rims.
of
the crystals have 5
ferromagnesian oxides along their lengths.
Ferromagnesian minerals: 50% unaltered, sub-euhedral olivine crystals, there are
in close proximity to plagioclase crystals, and have 2 -30% magnetite in them. The
other 5
is in the gro ndmass and are heavily replaced with blood red iron o ides.
These o ides make p 2 of the groundmass.
Other minerals: Calcite growth is present on the inside of 8
of the larger > .5 mm
vesicles.
Early trachytic dyke. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 8
Texture &
grainsize
Primary
mineralogy

Highly trachytic gro ndmass, with aligned bladed feldspar microphenocrysts.
of the sample is vesicles. The rock is porphyritic in texture, with the average crystal
size being 400-500 μm, which is dominated by feldspars.
Feldspar: 70% plagioclase
sanadine.
of the rock is feldspar, with very
minor sieving. There are large plagioclase crystals 2-4 mm.
Hornblende: Dark magnetite reaction rims, from the o idisation of Fe. Highest
proportion seen amongst samples. They make p
of the sample vlume and are
300- μm in diameter.
Biotite: Crystals are 200 μm across,
μm long and are very rare >> . They have
no obvious zoneing.
Ferromagnesian minerals: Olivine crystal are rare <1%, and are on average 200 μm
across. Most
have low iron rims, obvious from yellow, zoned rims.
Intrusion. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).

- 129 -

Sample: PM- 9
Texture &
grainsize

Primary
mineralogy

Hyalopilitic texture, with the feldspar microlites have a preferred direction, which
indicates flow direction within the dyke. Groundmass is vitreous very fine grain with
feldspar microlites. The texture is seriate, with a maximum phenocryst size of 1 mm
which makes p 2
of the rock.
Feldspar: 600 μm in size, and occ py -15% of the sample. All crystals are
anhedral, with 80% of the feldspar crystals being sanidine. Inclusions are present
around their rims and indicate crystal growth. Oscillatory and contin o s zoning is
minor
Ferromagnesian minerals: S b-e hedral olivine crystals, which make p <
of
the sample vol me. Crystals are
μm in diameter, with minor zoning. Maganete
is only sparsely associated with the larger crystals (>250 μm).
Margin of dyke. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 10
Texture &
grainsize

Primary
mineralogy

Fine grained trachytic groundmass, consisting of feldspar microphenocrysts. Vesicles
content is moderate, 3-5% of the sample volume. Texture is porphyritic with
phenocrysts consisting of 90% feldspar (sanidine and plagioclase), minor quartz,
olivine and other ferromagnesian minerals. Phenocrysts occupy 20-25% of the rock
volume. They have an average size of 400-600 μm
Feldspar: Mostly anhedral, with a minor number of crystals as sub-euhedral, both of
which are 400-600 μm. artz is inter-grown within sanidine crystals, with minor
plagioclase. Moderate sieving is apparent on all phenocrysts. 40% of phenocrysts
have crystals within them, which gives a distinct discontinuous zoning.
Ferromagnesian minerals: nhedral 2%, 150 μm olivine crystals. Two crystals
are located in feldspar crystals, and are not heavily sieved, zoned or altered. The rest
is in the groundmass, are associated with magnetite, which is roughly 40% their
volume, and the crystals are also heavily altered with a reduction in iron.
Biotite: Rare <1% of the rock volume. Sub-e hedral 2 μm long crystals are
present within feldspar crystals and do not have any dark rims, which are seen in all
other biotite crystals within the dykes.
Centre of a dyke, on the inner western caldera rim. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 11
Texture &
grainsize

Primary
mineralogy

ery fine trachytic gro ndmass with feldspar microphenocrysts. These are based in a
black glassy matri . ery few domains have any alignment. The te t re is sericite
with ma im m crystal size 5 mm, the dominant crystal being plagioclase, 8
of
the sample, then the remainder being sanidine, olivine, and then o ides. esicles
make p
of the rock.
Feldspar: Heavily sieved internally and around the rims, there have been separate
intrusions of mafic material, over the life of the crystals. Most of the crystals are
between 200-350 μm and they are s b-euhedral and constitutes for 7-10% of the
sample.
Ferromagnesian minerals: They make up <2% of the sample and there are very
rare anhedral-sub anhedral olivine crystals, which are also heavily sieved and are
220 μm. There are lots of ferromagnesian blood red iron crystals. They make p 10% of the sample volume and are 80- μm.
are <
μm. In the larger
crystals, they exhibit the sub-euhedral crystal shape of olivine.
50% of the vesicles are completely filled with calcite crystals.
A proportion of the old volcanics making up the base of Payún Matrú. Pre-caldera.

Volcanic
setting
Classification Basaltic trachyandesite (TAS).

Sample: PM- 12
Texture &
grainsize
Primary
mineralogy

Fine grain groundmass consisting of feldspar microphenocrysts. Phenocrysts range
from 80 μm-2.5 mm and the sample is predominantly sericite textured.
Feldspar: 80% sanidine, with <2
smaller plagioclase crystals. 80% of them are
euhedral, they make up 20% of the rock and are 80 μm-2.5 mm. They are non-zoned,
with some sanidine crystals continuously zoned.
Ferromagnesian minerals: 2-5% of the sample is made up of anhedral olivine
crystals. Zoning to a less iron rich margin with some crystals having entirely lower
order colours, such as yellows. Magnetite is present with olivine and individually.
Biotite: nhedral crystals
μm and take p 2-3% of the sample volume.
There are no apparent reaction rims, and 10% of them are a deep brown.
Dyke, post-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 13
Texture &
grainsize

Primary
mineralogy

Extremely fine gained groundmass of sub-euhedral feldspar microphenocrysts. 80%
phenocrysts are >400 μm across, with the maximum being 1.5mm across euhedral
sanidine crystals. Domains within the groundmass have a higher proportion of glassy
matrix between the feldspar microphenocrysts.
Feldspar: Zoning is not apparent; euhedral crystals to anhedral crystals, 90% are
sanidine with simple twining. The remainder being plagioclase, and rare microcline
crystals (400 x 500 μm) Feldspar crystals occ py 5-20% of the sample.
Ferromagnesian minerals: Olivine crystals account for 5% of the rock volume,
with an average size of 300 μm. ll are dominated by magnetite with zoning not
apparent. Iron oxide haloes surround 70% of them, which is apparent in in the
surrounding trachytic groundmass.
Biotite: Very minor anhedral crystals, 500-800 μm long. There are 5 in the entire
slide. They are dark brown with black reaction rims.
Dyke, pre-caldera

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 14
Texture &
grainsize

Primary
mineralogy

Fine grained trachytic groundmass, consisting of relatively stumpy feldspar
microphenocrysts. There is minor de-verification of the glassy matric between the
small feldspar microphenocrysts. 80% of the phenocrysts are >500 μm, the te t re
of the rock is porphyritic, with phenocrysts being feldspar, quartz and
olivine/magnetite. Vesicles are roughly 7-10%, with no calcification.
Feldspar: Plagioclase and sanidine with minor microcline crystals,
-15% of the
rock volume and are 400-600 μm in size.
of the feldspar crystals are cored with
multiple twinned plagioclase. Where zoning is apparent, it is continuous.
Ferromagnesian minerals: Olivine crystals make up <2 of the sample vol me,
they are anhedral and 25 μm across.
of their mass is magnetite. Two olivine
500 μm crystals are e hedral with minor zoning and alteration. <5% of the sample
volume is blood red oxide (hamatite); they are located in the groundmass and 90%
of them are 50 μm.
Biotite: <<1% biotite crystals occupy the sample, and those that are present are
contained within the feldspar crystals.
Dyke on the western rim of the caldera. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 15a
Texture &
grainsize

Primary
mineralogy

Trachytic feldspar microphenocryst, fine grain groundmass. There is no alignment of
the bladed feldspar microphenocrysts. The texture is porphyritic, with sanidine and
quartz crystals making up 15-20% of the sample volume. The average size of these
crystals are large compared to other samples, at 2-5 mm. Iron oxide staining is
present in, 40-50% of the groundmass.
Quartz: 40% of the phenocrysts are quartz, they are anhedral in nature and have an
average size of 500 μm-5 mm. They have striations along their lengths and are
unaltered, with no sieving or zoning.
Feldspar: Sanidine crystals are euhedral, with and average size of 700 μm-3 mm,
they are not zoned or sieved, tho gh 90% of the larger ones have cores which
resemble the multiple twining of plagioclase.
Ferromagnesian minerals: Olivine crystals, <2 of the sample, are
μm and
are anhedral. All are associated with magnetite, which is roughly 50-60% their
volume.
Intr sion into volcanoes’ flank. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 15
Texture &
grainsize
Primary
mineralogy

Fine grained trachytic groundmass, consisting of aligned feldspar microphenocrysts.
Texture is porphyritic, with phenocrysts making p 2
of the rock vol me. Major
phenocrysts are feldspar with minor ferromagnesian minerals.
Feldspar: >
of the crystals are sanidine, and are ro ghly 5μm across. They are
very large compared to other samples. The crystals are sub-euhedral, with cores of
multiply twining. There is moderate sieving and inclusions around the rims. All
crystals are rimmed with this sieving.
Ferromagnesian minerals: Very minor euhedral olivine crystals, <2% of the rock
volume. They are 600 μm, all of them are associated with magnetite, and all have
iron oxide staining around them, which is present in the groundmass.
Intra-caldera lava flow. Post-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 16
Texture &
grainsize
Primary
mineralogy

Very fine grain groundmass, consisting of feldspar microphenocrysts. Trachytic
alignment of feldspar crystals in some domains. Porphyritic in texture, with feldspar
phenocrysts and less common biotite and olivine.
Feldspar: Heavily sieved plagioclase and sanidine crystals, 400 μm-9 mm which
occupy
of the sample. one of the feldspar crystals are sieved thro gh
of
them have convolute zoning from the core to the rim.
Ferromagnesian minerals: Olivine makes p less than
of the rock volume, and
the crystals are 100-200 μm.
Hornblende: Deep browns more common (
) then dark greens. ll have dark
oxidised rims, and embayments into the 80-90% sub-euhedral crystals. They are on
average 500 μm in length and make up 1-2% of the sample volume.
Dyke. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 17
Texture &
grainsize

Primary
mineralogy

Fine grain trachytic feldspar groundmass, with feldspar microphenocrysts.
Porphyritic texture with phenocrysts consisting of sanidine and plagioclase feldspars,
olivine, magnetite and biotite are minor constituents. Phenocrysts make up 25-30%
of the sample volume and are -4 mm in size.
Feldspar: There are two dominant types of phenocrysts.
1. Continuous zoned, non-sieved euhedral plagioclase phenocrysts. 7-10% of the
rock volume, 200 μm wide, -1.5 mm long. Occasionally occur in clusters.
2. arge 3-4 mm 8
sanidine, 20 %plagioclase, euhedral to sub-euhedral
crystals. Heavy sieving on the rims, with inclusions (90% vesicles). No zoning to
gradual zoning.
Ferromagnesian minerals: Olivine phenocrysts are rare, 1-2% of the rock volume.
All are anhedral, heavily bordered by magnetite rims and are
-400 μm in size.
Anhedral magnetite crystals make up 5-7% of the rock volume and are 25 μm.
Biotite: 250 μm anhedral crystals make p less than 1% and is heavily rimed with
magnetite
Intrusion into Payún Matrú, visible within the rim. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 18
Texture &
grainsize
Primary
mineralogy

itreo s e tremely fine grain gro ndmass. Seriate, with crystal ranging from 5 μm
to 1.5mm which are predominantly feldspar (sanidine and plagioclase) with minor
olivine.
Feldspar: 15-20% of the rock sample, 50 μm-1.5 mm. Minor sieving on large,
>700 μm, crystals. Contin o s zoning is minor, 2
of plagioclase crystals.
Ferromagnesian minerals 1% of the sample, with minor zoning from the core to
the rim. 100-400 μm and are associated with magnetite crystals which are -50%
their size.
Lava flow, NW flank of Payún Matrú. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 19b
Texture &
grainsize
Primary
mineralogy

Groundmass is exclusively glass; the sample is hypocrystaline, with perlitic cracks.
Feldspar, ferromagnesian minerals and olivine phenocrysts make up 20% of the
sample volume, with vesicles making up <1%.
Feldspar: 300-500 μm, embayments occur within 80% of phenocrysts, which are
>500 μm. These are seen only in <
of the feldspar crystals. 50% sanidine
crystals, 50% plagioclase. These plagioclase crystals also make up the much larger
>500 μm megacrysts.
Ferromagnesian minerals: Olivine crystals show minor zoning from the core to the
rims. -2% of the sample volume and have an average size of 50-300 μm and are
associated with magnetite.
of the olivine crystals have been replaced entirely
by magnetite, as they exhibit the same sub-euhedral crystal shape.
Biotite: At least one large crystal 2-3 μm in length, minor darker rims embayments.
1%, trachytic texture.
Lava flow, flank of Payún Matrú. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 20
Texture &
grainsize

Primary
mineralogy

Minor to moderate welding, trachytic textures still present in the glassy matrix. Some
domains also show eutastic texture, with the regular alignment of the flattened
fragments of p mice. ll larger phenocrysts have some sort of sieving. ery low
amo nt of vesicles, -2%
Feldspar: 15-2
of whole rock,
μm.
of these have some sieving,
do not have any sieving or embayments.
Ferromagnesian minerals:
of the olivine crystals have lower birefringence
colours (0.05-0.01 nm). The 40% of the crystals which are not majorly affected, are
all greater then 5 μm, though they do have some minor zoning towards the rims.
Olivine crystals make up 1-2% of the whole rock, 80% have magnetite associated
with them.
Lithic fragments: 5% of the rock volume, 1-1.5 mm clasts, they are trachytic in
nature.
Draped over surrounding landscape, extra-caldera. Syn-caldera.

Volcanic
setting
Classification Trachyte (Ignimbrite)(TAS).
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Sample: PM- 21
Texture &
grainsize

Primary
mineralogy

Fine grain trachyte groundmass, with feldspar microphenocrysts. Vesicles are
600 μm, and
of the sample vol me. The rock is porphyritic in te t re with
prodomnetly plagioclase and sanidine phenocrysts with minor olivine and
orthocyroxene. Average phenocryst size is 700 μm and occ ply 5-20 % of the rock.
Feldspar: There are 2 types:
1. Small intergrown, 1mm long, blades of euhedral sanidine and plagioclase crystals.
2. Long anhedral sanidine, 4 mm long crystals, with skeletal growth which includes
the trachytic groundmass.
Ferromagnesian minerals: Anhedral, 500x400 μm olivine crystals, some are
50 μm, which make p
of these crystals. They are associated with magnetite,
with minor zoning, of lighter pleclorism towards the rims.
Pre-caldera dome intrusion.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM-22
Texture &
grainsize

Primary
mineralogy

Very fine Trachytic groundmass, with separate domains of aligned feldspar
microphenocrysts. The sample is porphyritic with phenocrysts making up 15-20% of
the rock’s volume. Phenocrysts are predominantly feldspar, with 90% sanidine and <
10% plagioclase, with minor ferromagnesian minerals (magnetite, olivine and
orthopyroxene) making up >5%.
Feldspar: Euhedral to sub-euhedral crystals. Smaller ones have no zoning, with no
inclusions or sieving. 20 % are >1 mm and have inclusions in them, which are evenly
distributed throughout the crystals.
Ferromagnesian minerals: 50/50 Euhedral to sub-euhedral crystals, 400μm
(20% < 50 μm). 50-20% of their volumes are replaced with magnetite. Less than
20% of them have strong ploechroism, such as the second order blues, indicating a
low iron content.
Intra-caldera lava flow. Post-caldera.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 24
Texture &
grainsize
Primary
mineralogy

Fine grained groundmass, prodomnely glass ad more holohayline. Bladed feldspar
microphenocrysts within the groundmass are trachytic. The rock has an overall
porphyritic nature, with the crystals making p 2
of the sample.
Feldspar: Euhedral Crystals are 1-3 mm in length, and make p 2
of the sample.
They are no zoned and have very light sieving.
Ferromagnesian minerals: Olivine phenocrysts,
μm occ py -2.5%, have no
zoning. They are all associated with minor amounts of ferromagnesian oxides.
Quartz: ery minor free artz phenocrysts,
, fewer still,
large mm
crystals.
Lithic fragments: Broken lithic fragments are present in the matrix, they contain
subbed, euhedral sanidine crystals and quartz.
Western caldera rim. Post-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 25
Texture &
grainsize
Primary
mineralogy

Cryptocrystaline very fine glassy groundmass, which is porphyritic in texture, with
quartz and more minor alkai feldspar phenocrysts,
and .5-2 mm.
Quartz: 80-90% of the phenocrysts. No sieving and inclusions are very minor.
Feldspar: Simple twinned sub-euhedral sanidine crystal, 100 μm-1 mm,
. With
very light to no sieving and no zoning. They occur with olivine and magnetite.
Ferromagnesian minerals: 50% of the sub-euhedral to anhedral olivine crystals
have zoning from an iron rich core to a depleted rim. Overall they are rare,
,5 400 μm.
Biotite: Very minor,
,
μm.
Small scoria cone, on western rim of caldera. Post-caldera.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 26
Texture &
grainsize

Primary
mineralogy

Hypocrystaline texture with a groundmass exclusively glass with perlitic cracks.
Phenocrysts are 500 μm to 1.2 mm and occupy 5of the sample’s volume. They
are sub-euhedral to euhedral crystals which included quartz, feldspar (sanidine) and
minor ferromagnesian minerals. 20% of the rock exhibits domains with feldspar
microlites aligned.
Feldspar: 5
μm, mostly stumpy (not tabular), sub-euhedral to euhedral
crystals, with no zoning and minor to no inclusions. Fractures propagate from
groundmass into the crystals.
Quartz: Dusty margins, 80% anhedral, with the crystals making p
of all
phenocrysts.
Ferromagnesian minerals:
μm, <0.5 % of the rock volume (very minor). All
are associated with magnetite, 2
their vol me.
Bomb, originated from post-caldera scoria cone on western rim.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 27
Texture &
grainsize

Primary
mineralogy

Fine grained gro ndmass of feldspar microphenocrysts, 25 μm long. Some
domains exhibit alignment. These microphenocrysts in a matrix of vitreous black
glass. Vesicles occupy 5-7%, average size of 400 μm. The rock te t re is
porphyritic with a maximum phenocryst size being 600 μm.
Feldspar: 70% of the feldspar crystals have heavily sieved rims and 50% of these
have heavily sieved centres. Zoning is continuous to absent. The crystals are 50/50
sanidine and plagioclase crystals. Most are well formed and euhedral, with subeuhedral crystals present from the heavy sieving and embayments around the rims.
Ferromagnesian minerals: Microphenocrysts of olivine crystals, <80 μm, with
other crystals in the range 400-600 μm. There is minor zoning on the larger crystals
and magnetite is associated with 90% of the olivine crystals. They occupy 8-10%
of the sample volume.
Lava flow, northern flank of Payún Matrú.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 28
Texture &
grainsize

Primary
mineralogy

Very fine grained microphenocrysts feldspar groundmass. Glass content between
microphenocrysts varies between domains. Dominant texture is porphyritic; with
dominant phenocrysts being simple twinned sanidine feldspar and plagioclase, with
minor olivine and orthopyroxene. Phenocrysts occupy 20-25% of the rock sample.
Feldspar: Sub-euhedral crystals average size 500 x 1500 μm and occ py 2
of the
sample.
sanidine and
plagioclase, with no sieving, tho gh they contain
inclusions (vesicles, trachytic groundmass and rare olivine). oning is seen in
of the crystals, which is continuous from the core to the rim.
Ferromagnesian minerals: Anhedral olivine crystals, 500 x 500 μm and occ py
2% of the sample volume. They occur with major magnetite crystals and minor
orthopyroxene crystals.
Intrusion, pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 29
Texture &
grainsize
Primary
mineralogy

Groundmass consists of feldspar microphenocrysts; separate domains have their own
alignment. Porphyritic texture, with 500 μm-8 mm, sanidine phenocrysts, with minor
olivine and othopyroxene and rare biotite.
Feldspar: The dominant phenocryst with have continuous zoning. 90% are euhedral
sanidine crystals, with minor plagioclase. Average size 800 μm-1 mm.
Olivine: are e hedral crystals most are s b-e hedral. 2 of the sample vol me
and have an average size of 200 μm. They have no zoning and all crystals have some
magnetite associated with them.
Orthopyroxene: Sub-e hedral, 8
μm and occ py less than 1% of the sample
volume. Dark, but thin (<20 μm) reaction rims, which is mostly magnetite.
Biotite: Embayments present in all s b-e hedral crystals. They are
μm in
length, with dark reaction rims. The sample has the highest proportion of biotite out
of all samples, with 3% of the sample.
Intrusion, dome. Pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 30
Texture &
grainsize
Primary
mineralogy

Fine grain feldspar gro ndmass
-50 μm, with trachytic alignment in some
domains. Seriate te t re with vesicles making p 2 of the vol me of the sample.
Feldspar: Sieving on the outer edge of sanidine crystals, with major embayments.
Some of the larger (1-1.5 mm) crystals have skeletal growth with the inclusions
containing some of the feldspar microphenocryst groundmass. Feldspar crystals that
have zoneing are sieve/inclusions free.
Ferromagnesian minerals: Minor zoning on the olivine crystals, with a lower iron
content around the crystal rims, and along intra-crystal fractures.
Intrusion. Pre-caldera.

Volcanic
setting
Classification Trachyandesite (TAS).

Sample: PM- 31
Texture &
grainsize

Primary
mineralogy

Very fine grain groundmass, consisting of feldspar microphenocrysts. Trachytic in
nature, with several domains having their own alignment. Seriate texture, with
crystals ranging from 100 μm-3 mm. 10-15% of the sample volume is made p
crystals of this size. esicles occ py 5 .
Feldspar: No sieving, with continuous and multiple zoning apparent. Magnetite is
present in some crystals ( 30%). Minor sieving on the larger, < 2 mm, feldspar
crystals.
Ferromagnesian minerals: Olivine is very rare, > .5 and
μm in size. 8 -90%
of the crystals have low birefringence colors, yellows instead of the deeper blues and
purples, In comparison to non-altered minerals. 60% of the olivine crystals are rimed
with magnetite.
Intrusion, pre-caldera.

Volcanic
setting
Classification Trachyte (TAS).

- 139 -

Sample: PM- 32
Texture &
grainsize
Primary
mineralogy

Med-fine grain (80-100 μm) feldspar microphenocrysts. ll have a random
orientation. Seriate texture with 8
of crystals 2 μm- mm, which occ pies 25of the whole rock. esicles are large and scattered, 5 ,
μm.
Feldspar: 80% sanidine, 20% plagioclase. All feldspar crystals are heavily sieved
which are continuous to non-zoned.
Ferromagnesian minerals: Olivine crystals are 5 μm and occ py 5-7% of the
sample. <1% are located in the feldspar crystals. Zoning is apparent on the crystals
with high central iron content, which becomes more yellow towards the rims. They
are associated with magnetite.
Lava flow, intra-extra caldera. Post-caldera.

Volcanic
setting
Classification Basaltic trachyandesite (TAS).

Sample: PM- 33
Texture &
grainsize

Primary
mineralogy

Fine to medium grain with various lithic clasts and feldspar trachytic groundmass,
15% consist of trachytic lithic clasts, they do not have any ferromagnesian minerals
and exhibit medium sieved sanidine phenocrysts which make up 2% of the fragments
and are 500 μm long. The area between the clasts is either vitreo s, with
vesicle in some places. Or as mentioned above, very fine grained porphyritic feldspar
groundmass, with phenocrysts making up 5 if this.
Feldspar: Plagioclase is the dominant crystal, with it making up to 60% of all
phenocrysts. They are non-sieved and non-zoned.
Ferromagnesian minerals: Olivine crystals 200 μm-1.5 mm, they are rimed by
dark Ferromagnesian oxides.
, 100 μm rare phenocrysts, located in the groundmass.
Quartz: Inclusions present, and they are only seen in the groundmass, not the
fragments.
Draped over surrounding landscape. Proximal deposit. Syn-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 34
Texture &
grainsize

Primary
mineralogy

Intergranular groundmass, with no large phenocrysts. Euhedral feldspar phenocrysts,
mostly plagioclase, exhibit some alignment in separate domains. Very fine
microphenocrysts 80-100 μm of olivine and plagioclase. vitreo s matri
separates the microphenocrysts.
Feldspar: 90% (all visible) microphenocrysts are plagioclase, which occ py 30%
of the rock sample. 10% of them are heavily sieved and 40% are fresh and
completely unaltered, with not zoning and no sieving.
Ferromagnesian minerals: Olivine crystals occupy 7-10% of the sample and are
8 μm in size. Orthopyro ene e hibits higher order colo rs, they are e hedral tab lar
microphenocrysts, 00 μm long and account for 2-4% of the sample volume.
Lava flow, on the flank of Payún Matrú. Pre-caldera.

Volcanic
setting
Classification Basanite (TAS).

Sample: PM- 35
Texture &
grainsize

Primary
mineralogy

Very fine tabular feldspar groundmass, with sub-parallel alignment. Predominantly
holocrystaline groundmass, with minor glass between microphenocrysts.
Gro ndmass grainsize is μm. Phenocrysts 2 mm, and occupy 5-7% of the sample.
They consist of euhedral sanidine feldspars, with simple twining.
Feldspars: 60% of the euhedral sanidine crystals contain olivine and iron oxides.
The average crystal size is 2 mm.
Ferromagnesian minerals: Rare olivine crystals attached to the feldspars. These are
80- 700 μm, most of them are towards the smaller end. 80% of the olivine crystals
are associated with magnetite.
Lava flow. Northwest flank of Payún Matrú. Post-caldera.

Volcanic
setting
Classification Trachyte (TAS).
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Sample: PM- 36
Texture &
grainsize

Primary
mineralogy

Very fine Trachytic groundmass, with separate domains of aligned feldspar
microphenocrysts. The sample is porphyritic with phenocrysts making up 15-20% of
the rock’s volume. Phenocrysts are predominantly feldspar, with 90% sanidine and
<10% plagioclase, with minor ferromagnesian minerals (magnetite, olivine and
orthoptroxene) making up >5%.
Feldspar: Euhedral to sub-euhedral crystals. Smaller ones have no zoning, with no
inclusions or sieving. 20 % are >1 mm and have inclusions in them, which are evenly
distributed throughout the crystals.
Ferromagnesian minerals: 50/50 Euhedral to sub-euhedral crystals, 400μm
(20% <50 μm). They occupy 50-20% of their volumes are replaced with magnetite.
Less than 20% of them have strong ploechroism, such as the second order blues,
indicating a most are deficient in iron.
Lava flow, on the far western flank of Payún Matrú. Post-caldera

Volcanic
setting
Classification Trachyte (TAS).

Sample: PM- 37
Glassy moderately welded crystal tuff which exhibits some eutaxitic texture. Crystals
include feldspars, artz, minor biotite, olivine and lithic fragments, which make p
10% of the sample.
Feldspar: Sanidine crystals are clean with no sieving or zoning. Plagioclase crystals
Primary
do have some inclusions.
mineralogy
Ferromagnesian minerals: Olivine crystals,
-500 μm make p 5 of the rock.
They have been slightly altered around their rims resulting in magnetite.
Biotite: Very minor crystals, 2 , with sizes from 2 μm-1.1 mm.
Lithic fragments: 1 mm, and 5% of the rock, these are highly trachytic.
No hornblende was apparent in this sample.
Draped over surrounding landscape. Distal deposit, when compared to PM-20, 33.
Volcanic
Syn-caldera.
setting
Classification Trachyte (ignimbrite) (TAS).
Texture &
grainsize
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Appendix C
RHEOLOGY OF LAVA FLOWS

PM_flow-19
SiO2 % derived from Eqns.
Eqn #1 Eqn #2 Eqn #3
PM_flow-19.1
60.63
60.42
59.95
PM_flow-19.2
59.49
58.62
59.06
PM_flow-19.3
61.37
60.72
60.37
Avg
60.50
59.92
59.79
Measured
66.48
PM_flow-22
SiO2 % derived from Eqns.
Eqn #1 Eqn #2 Eqn #3
PM_flow-22.1
62.52
75.69
61.29
PM_flow-22.1
64.64
64.89
63.37
PM_flow-22.3
63.77
62.66
63.55
Avg
63.64
67.75
62.74
Measured
68.25
PM_flow-28
SiO2 % derived from Eqns.
Eqn #1 Eqn #2 Eqn #3
PM_flow-28.1
56.92
56.27
55.97
PM_flow-28.2
53.28
51.47
53.4
PM_flow-28.3
62.62
66.15
58.02
Avg
57.61
57.96
55.80
Measured
49.13

PM_flow-19
PM_flow-22
PM_flow-28
Comb. Rank

Rank of eqn result
Eqn #1 Eqn #2 Eqn #3
1
2
3
2
1
3
2
3
1
5
6
7
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Flow No.
PM_flow-01
PM_flow-01.1
PM_flow-01.2
PM_flow-01.3
PM_flow-02
PM_flow-02.1
PM_flow-02.2
PM_flow-02.3
PM_flow-03
PM_flow-03.1
PM_flow-03.2
PM_flow-03.3
PM_flow-04
PM_flow-05
PM_flow-06
PM_flow-07
PM_flow-08
PM_flow-09
PM_flow-10
PM_flow-11
PM_flow-12
PM_flow-13
PM_flow-13.1
PM_flow-13.2
PM_flow-13.3
PM_flow-14
PM_flow-14.1
PM_flow-14.2
PM_flow-14.4
PM_flow-15
PM_flow-15.1
PM_flow-15.2
PM_flow-15.3
PM_flow-16
PM_flow-17
PM_flow-17.1
PM_flow-17.2
PM_flow-17.3

Sl p ϑ ( v )
5.98

12.13

10.86

4.75

5.25

8.01

7.59

Location
36°18'42.32"S 69°17'48.24"W

36°21'11.20"S 69°14'38.26"W

36°21'12.87"S 69°15'50.07"W

69° 8'58.18"W
69° 6'23.34"W
68°58'34.95"W
69° 0'53.95"W
69° 0'17.22"W
69° 3'1.91"W
68°57'51.94"W
69° 3'33.79"W
69° 3'48.95"W
69° 7'49.38"W

36°21'22.89"S
36°20'1.91"S
36°23'37.44"S
36°23'26.95"S
36°27'41.83"S
36°26'3.85"S
36°32'32.55"S
36°31'54.72"S
36°29'33.33"S
36°30'57.33"S

36°29'45.84"S 69° 8'36.06"W

36°26'30.16"S 69°10'11.41"W

36°31'10.95"S 69° 9'33.50"W
36°28'3.15"S 69°12'37.00"W
51.33
38.67
71.33

53.33
49.33
53

98
92.33
85

90
30.67
43.33

46,67
95.33
85.67

87.67
112
134.67

586.67
466.33
49

335.83
211.5
1142.67

264.33
296.67
1090.7

323.17
293.67
328

390.33
189
248

159.83
242.33
376.5

320.83
212.83
407.87

201.17
253
399.33

Apparent viscosity-PM_flows
Thickness of flow (m)
Levee width (m)

1216.33
894.67
358.83

796.33
1122.33
381.33

1084.33
1660.3
837

764
794
651.67

810.87
1104
767

1401
1279.33
1139.3

808.67
860.33
941

Flow width (m)

2725.04

3620.4

7640.62

8654.89

4233.92

2476

Flow length (m)
5360

SiO2 %
63
65
65
59
65
65
61
69
65
63
66
67
45 - 50
45 - 50
45 - 50
45 - 50
45 - 50
45 - 50
45 - 50
45 - 50
45 - 50
59
63
57
59
63
63
62
62
65
64
64
68
45 - 50
64
64
62
66
N/A

N/A

Test %
N/A

17

17

Error %
17
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Flow No.
PM_flow-18
PM_flow-18.1
PM_flow-18.2
PM_flow-19
PM_flow-19.1
PM_flow-19.2
PM_flow-19.3
PM_flow-20
PM_flow-20.1
PM_flow-20.2
PM_flow-20.3
PM_flow-21
PM_flow-21.1
PM_flow-21.2
PM_flow-21.3
PM_flow-22
PM_flow-22.1
PM_flow-22.1
PM_flow-22.3
PM_flow-23
PM_flow-24
PM_flow-24.1
PM_flow-24.2
PM_flow-24.3
PM_flow-25
PM_flow-26
PM_flow-27
PM_flow-28
PM_flow-28.1
PM_flow-28.2
PM_flow-28.3
PM_flow-29
PM_flow-29.1
PM_flow-29.2
PM_flow-29.3
PM_flow-30
PM_flow-30.1
PM_flow-30.2
PM_flow-30.3
7.73

12.8

36°20'33.55"S 69°17'0.41"W

36°23'3.70"S 69°15'25.24"W

33.18

36°26'39.97"S, 69°21'40.56"W

22.8

3.62

36°27'46.84"S 69°20'31.15"W

36°24'5.11"S 69°32'14.37"W
36°21'2.60"S 69°34'43.99"W
36°18'49.77"S 69°31'14.33"W
36°19'5.44"S, 69°23'7.10"W

5.41

36°26'9.63"S 69°18'36.63"W

1.12

8.45

36°27'13.86"S, 69°17'52.53"W

36°24'55.26"S 69°16'42.54"W
36°28'21.64"S 69°23'25.59"W

Sl p ϑ ( v )
7.16

Location
36°27'19.54"S 69°16'16.67"W

93.33
44
101

24
23.33
33

56.67
23.33
426.67

28.67
44
13

121
169.66
107.67

48.67
52.33
53.33

88.33
60.33
58

68
53.67
67.33

74.67
83.33

79.83
169.17
369.67

169.33
114
411.5

351.67
280
1280.33

365.18
160.5
386.5

467.33
638.17
770.5

308.33
154.33
464.33

345
617.33
415.33

320
1295.3
1551

293.33
391.17

Apparent viscosity-PM_flows
Thickness of flow (m)
Levee width (m)

200
722.67
920.67

500
436.33
324

1873
1566.7
1076

1992.33
2032.5
1521.7

1388.67
2391.67
3489.67

1216.7
1764.3
1539.3

1912
2507
1971.3

1105
290.5
432.33

1637
1584

Flow width (m)

1598.6

1476.76

14886.34

16748.22

10054.22

3632.46

4674.18

3114.468

Flow length (m)
2257.34

SiO2 %
66
65
66
60
61
59
61
64
64
64
63
60
60
58
61
64
63
65
64
45 - 50
50
51
50
48
45 - 50
45 - 50
45 - 50
58
57
53
63
62
61
59
65
67
65
65
70
49.13

68.25

66.48

Test %

17.25

-6.75

-9.00

Error %

Appendix D
GEOCHEMICAL RESULTS (Legend for units noted in Appendix A)
Sample
Unit

PM-2
PostCBF

PM-3
PostCBF

PM-4
PostCBF

PM-5
Pre-CF

PM-8
PreCDI

PM-10
PreCDI

PM-11
Pre-CF

PM-12
PreCDI

PM-13
PreCDI

PM-14
Pre-CDI

PM-15a
Pre-CDI

wt %
Na2O
MgO
Al2O3
SiO2
P 2O 5
SO3
K2O
CaO
TiO2
MnO
Fe2O3

6.22
0.23
17.33
65.46
< 0.01
< 0.01
6.70
0.82
0.55
0.14
2.95

5.78
0.29
16.78
66.77
< 0.01
< 0.01
6.43
0.76
0.57
0.14
3.07

5.65
0.36
17.42
64.06
0.03
< 0.01
6.00
1.10
0.63
0.11
3.97

5.52
1.95
18.29
55.68
0.56
0.43
4.15
4.86
1.50
0.15
7.15

6.18
1.18
18.83
59.50
0.29
< 0.01
5.41
2.97
1.14
0.15
4.90

6.02
0.63
18.23
63.19
0.18
0.06
6.39
1.81
0.82
0.06
3.56

5.08
2.71
19.13
54.77
0.74
< 0.01
4.23
6.17
2.23
0.21
9.13

5.78
0.84
18.11
62.63
0.26
0.12
5.10
2.76
0.79
0.15
4.29

6.27
0.23
17.61
65.18
0.12
0.00
6.55
0.97
0.48
0.17
3.52

6.20
0.46
18.23
62.11
0.20
0.05
6.04
2.11
0.90
0.15
4.37

6.50
0.25
18.15
64.21
0.07
0.00
6.30
1.43
0.53
0.11
3.38

LOI
Total

0.25
100.41

1.10
100.59

3.13
99.33

2.39
100.23

0.15
100.54

1.50
100.96

3.52
104.39

1.15
100.84

0.98
101.12

1.18
100.81

0.76
100.93

Sample
Unit

PM-15
PostCBF

PM-16
PostCBF

PM-17
PostCBF

PM-18
Pre-CF

PM-19b
PreCDI

PM-20
PreCDI

PM-21
Pre-CF

PM-22
PreCDI

PM-23
PreCDI

PM-24
Pre-CDI

PM-25
Pre-CDI

wt %
Na2O
MgO
Al2O3
SiO2
P2O5
SO3
K2O
CaO
TiO2
MnO
Fe2O3

6.06
0.24
17.17
65.69
< 0.01
< 0.01
6.50
0.78
0.54
0.13
2.86

5.78
0.96
17.98
62.91
0.22
< 0.01
5.28
2.60
0.89
0.13
4.13

5.56
1.14
18.04
61.95
0.23
< 0.01
5.15
3.08
0.97
0.15
4.55

5.81
0.48
17.62
64.21
0.07
0.54
6.36
1.85
0.70
0.12
3.27

5.89
0.57
18.25
63.78
0.09
< 0.01
6.00
2.05
0.77
0.12
3.44

6.17
0.75
18.90
62.11
0.15
< 0.01
5.37
2.75
0.83
0.12
3.59

5.82
1.47
18.42
58.82
0.38
< 0.01
4.85
3.39
1.52
0.17
5.67

6.38
0.22
16.92
66.82
< 0.01
< 0.01
6.53
0.79
0.54
0.13
2.86

4.90
3.64
18.30
52.01
0.49
0.07
2.94
7.03
2.04
0.18
8.30

6.17
0.16
16.22
67.95
< 0.01
< 0.01
6.50
0.58
0.43
0.18
3.16

5.65
0.25
16.17
66.37
< 0.01
< 0.01
6.70
0.71
0.45
0.14
2.73

LOI
Total

1.13
99.97

0.19
100.88

0.28
100.83

0.95
101.04

1.10
100.96

0.22
100.74

0.36
100.51

0.28
101.19

0.05
99.88

0.30
101.34

2.12
99.17
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Sample
Unit

PM-26
PostCVF

PM-27
PostCVF

PM-28
PoreCDI

PM-29
PreCDI

PM-30
PreCDI

PM-31
PreCDI

PM-32
PostCMF

PM-33
Syn-CI

PM-34
Pre-CF

PM-35
ExtCF

PM-36
ExtCF

PM-37
Syn-CI

wt %
Na2O
MgO
Al2O3
SiO2
P 2O 5
SO3
K2O
CaO
TiO2
MnO
Fe2O3

6.33
0.26
16.50
67.10
0.10
< 0.01
6.67
0.73
0.49
0.15
2.93

5.73
0.22
16.51
67.46
< 0.01
< 0.01
6.69
0.71
0.49
0.15
2.90

5.65
0.89
18.04
62.90
0.20
< 0.01
5.35
2.68
0.82
0.13
3.95

5.94
0.91
18.11
62.67
0.19
< 0.01
5.37
2.69
0.84
0.14
3.92

5.20
2.62
18.33
55.78
0.49
< 0.01
3.48
5.33
1.55
0.18
7.34

5.62
0.90
18.15
62.69
0.19
< 0.01
5.40
2.73
0.83
0.13
3.94

4.76
3.63
18.50
51.99
0.50
< 0.01
3.02
6.95
2.07
0.18
8.34

5.52
0.82
19.17
61.75
0.15
< 0.01
5.16
2.91
0.87
0.12
3.83

4.51
5.08
18.35
46.33
0.66
0.09
1.76
9.06
2.63
0.20
10.72

5.63
0.18
16.46
67.05
< 0.01
< 0.01
6.68
0.75
0.47
0.14
2.82

5.82
0.22
16.08
66.55
0.01
< 0.01
6.50
0.82
0.51
0.14
2.96

5.85
1.01
18.39
61.92
0.14
0.03
5.29
3.01
0.89
0.13
4.09

Total
Fe/MgO

0.55
101.25

0.51
100.86

0.30
100.61

0.20
100.78

0.01
100.28

0.29
100.57

-0.15
99.92

0.50
100.31

-0.04
99.39

0.64
100.17

1.12
99.61

0.26
100.75
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Sample

PM-2

PM-3

PM-4

PM-5

PM-8

PM-10

PM-11

PM-12

PM-13

PM-14

Unit

PostCBF

PostCBF

PostCBF

Pre-CF

PreCDI

PreCDI

Pre-CF

PreCDI

PreCDI

PreCDI

PM15a
PreCDI

2
96.7
1
1
3
0.5
0.5
59.7
22
2.4
5.9
0.4
0.7
203.4
38.2
37.3
923.8
90.3
1.1
9.3
3
4
237.5
35.6
106.8
16.8
13.1
6.2
1
14.7
0.6
33.2
8

20
928.6
1
1
3
0.5
3.4
77.3
24.6
2.2
8.4
0.6
3.9
208.1
33.1
41.1
1011
97.5
2
8.9
3
4
186.4
56.2
132.6
16.3
1.5
6
1
17.8
1.6
36.1
5

182
956.3
1
1
3
1.3
1.6
65.5
25.4
3.3
13
0.9
3
227.9
38.4
41.2
1022
98.5
0.3
12
3
4
208.8
35.8
118.2
16
9
1
1
19.2
15.7
34.2
6.6

7191
696.1
71
17.7
3.7
5.3
16.9
66.1
19.3
1
1
0.3
0.4
118.1
720.6
29
391.2
50.6
2
1.3
3
4
573.3
43.6
83.9
7.5
1.7
3.2
0.4
13.3
1
22.3
4.5

18.1
35.3
41.7
40.5
3
4.8
7.6
61.5
22.5
1.4
0.7
0.2
0.1
148.2
402.7
27.9
625.7
67.5
0.2
2.9
3
4
631.3
33.4
75.9
10.9
5.1
3.3
1
11.5
1
24.4
3.7

486.1
124.4
1
1
3
0.5
0.5
63.6
20.7
2.7
1.3
0.4
0.8
176
209.7
34.6
635.3
70.1
1.2
5.6
3
4
795
44.7
107
14.7
13.9
1
1
14.7
1
26.9
6.5

2385
69.3
153.5
34.8
14.6
12.2
36.3
78.5
19.9
1.7
5.1
0.1
0.7
130.2
747.8
34.5
384.8
52.9
0.2
0.6
3
4
565.1
34.1
86.9
7.5
2.8
3.3
1
12
1
21.2
4.8

777.1
364.8
30.4
36

16.3
24.1
7
20
3
3
4.8
76.9
24.2
2.2
1.4
0.1
0.2
182.4
63.9
38.1
714.5
72
0.8
6.6
3
4
498.8
46.6
111.6
11.6
3.7
4.7
1
18.1
1
25
7.5

425.7
80
1
1
7.5
0.5
8.1
64
24.9
0.5
0.3
0.4
0.5
166.5
257.4
33.8
624.9
66
1.2
5.5
3
4
791
48.9
108.7
7.5
1
7.4
1
14.2
1.6
25.6
8

13.9
1019
1
20.1
3
3.4
3.7
72.2
24.1
2.5
4.9
0.2
3.8
199.9
37.5
41.9
963.8
91
2
9.7
3
4
201.1
72.7
150.9
16.2
8.5
5.7
1
17.9
1
33.5
9.7

ppm
S
Cl
V
Cr
Co
Ni
Cu
Zn
Ga
Ge
Ge
As
Se
Br
Rb
Sr
Y
Nb
Cd
Sn
Sb
Cs
Ba
La
Ce
Hf
Ta
W
Hg
Pb
Bi
Th
U
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2.9
3.9
61.5
19.6
2
1
0.1
0.3
125.3
411.7
25.9
486.7
56.3
1.3
3.8
3
4
536.9
47.3
89.2
9
6.7
2.7
1
14.3
1
20.8
6.8

Sample
Unit
ppm
S
Cl
V
Cr
Co
Ni
Cu
Zn
Ga
Ge
Ge
As
Se
Br
Rb
Sr
Y
Nb
Cd
Sn
Sb
Cs
Ba
La
Ce
Hf
Ta
W
Hg
Pb
Bi
Th
U

PM-15
PostCBF

PM-16
PreCDI

PM-17
PostCBF

PM-18
Pre-CF

PM-19
Pre-CF

PM-20
Syn-CI

PM-21
PreCDI

PM-22
PostCBF

PM-23
PostCMF

PM-24
Pre-CF

PM-25
PostCVF

144.4
26.1
2.6
31.1
3
3.3
3.9
73.4
24.1
2.6
1.4
0.1
0.6
148.7
153.5
34.3
581.8
57.2
0.4
7.1
3
4
759.3
55.8
109.6
11.4
4.8
1.6
1
19.1
1
17.9
6.6

2
138.7
1
1
12.5
0.5
9.5
54.1
22.2
0.5
0.5
0.5
0.2
147
351.9
28.2
570.6
54.6
2
0.9
3
4
629.2
22.7
100.3
5.9
1
7.4
1
13.3
2.5
24.6
9.6

4.7
186.7
47.4
32
3
3.5
4.1
62.5
20
1.7
0.3
0.1
0.7
139.8
387.8
27.1
516.1
50.7
0.4
4.7
0.7
4
542.4
24.8
68
9.7
4.2
2.4
0.4
11.8
1
22.2
7.2

2716
376.9
1
1
3
1.1
7
62
21.4
0.5
1.6
0.3
1.6
176.2
178.1
29.9
727.7
66.6
2.6
4.5
3
4
579.4
45.9
114.5
10
1
4.8
1.3
22.3
1.1
30.4
5.4

43
1013
24.6
53.7
3
3.6
4.2
60.1
21.1
2.1
3.6
4.8
163.4
255.1
26.7
640
61.1
1
0.1
9.2
3
4
615.6
31.5
63.7
11.8
5.5
4.6
1
15.9
1
26.8
8.5

2
84.3
1
1
3
1
1.1
48.3
19.6
2
4.4
0.6
0.6
139.8
391.7
26.3
575.5
54.7
7.2
4.1
3
4
702.3
35.4
70.5
13.3
10.1
2.7
1
9.1
0.5
24.7
9.8

2
62.1
1
1
12.6
0.5
6.1
85.9
23.6
0.5
3.1
0.8
0.5
93.2
427.9
42.7
564.7
57.4
1.4
4
3
4
784.1
34.5
82.1
8.9
1
4.5
1
14.5
3.1
19.3
6.4

2
126.3
1
1
3
0.5
0.5
65.6
23.2
2.8
12.8
0.5
1
207.7
36.1
42.1
973.8
90.9
0.1
9.5
3
4
213.9
65.3
124.4
18.1
8.9
2.5
1
12.9
2.3
33.7
4.6

368.3
70.5
65
1
48.3
7.3
26.2
79.7
22.7
0.5
0.5
0.4
0.5
67.3
687.6
31
342.6
36.6
3.7
2.1
5.5
4
606.6
28.7
85.5
2.8
1
7.4
1
7.6
1.1
11.6
4.7

2
429
1
1
3
0.6
5.4
94.9
23.8
1.9
6.5
0.5
1.9
223
5.1
47
1046
105.5
2
11.5
3
4
42.4
76.1
167
15.5
3.7
5.4
1
32.1
1.7
38.7
5.3

2
1807
1
1
3
1.5
0.5
84.3
20.4
1.7
11.1
0.5
6.9
270.9
12.9
47.2
814.5
112.8
2
9.7
3
38.1
53.9
64.2
138
18.7
17.3
4.1
0.4
21.7
0.3
48.7
6
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Sample
Unit
ppm
S
Cl
V
Cr
Co
Ni
Cu
Zn
Ga
Ge
Ge
As
Se
Br
Rb
Sr
Y
Nb
Cd
Sn
Sb
Cs
Ba
La
Ce
Hf
Ta
W
Hg
Pb
Bi
Th
U

PM-26
PostCVF

PM-27
PostCVF

PM-28
PostCDI

PM-29
PreCDI

PM-30
PreCDI

PM-31
PreCDI

PM-32
PostCMF

PM-33
Syn-CI

PM-34
Pre-CF

PM-35
Ext-CF

PM-36
Ext-CF

PM-37
Syn-CI

5.8
1570
1
49
3
4
4.6
83.8
24.8
1.8
6
6.2
238
12.4
43.1
923.5
100.5
47
2
10.1
3
4
56.1
63.3
141.7
15.9
6.3
6.8
1
21.7
1
38.4
10.8

2
1703
1
44.2
3
3.8
3.6
83.5
24.2
1.7
6
6.2
239.5
9.7
43.3
935
102.3
1
0.1
5.4
3
4
57.4
58.2
122.9
17.3
9.2
6.9
0.3
21.6
1
38.6
9.9

8
199.4
1
1
3
0.5
5.6
45.1
22.3
0.5
5.1
0.6
0.1
148.7
372.2
27.9
592.4
55.6
2
3.4
3
4
601
28.7
84
7.9
1
5.8
1
10.9
1.9
25.5
8.7

21.6
57.3
26.3
35.8
3
3.7
3.8
51
20.3
1.9
3.3
0.3
146.8
373.7
26.2
567.3
54
1
2
5.8
3
4
556.1
2
71.1
10.1
5.4
2.1
1
11
1
23.9
5.1

2
150.9
7.8
1
31.7
0.5
13.9
69.2
20.6
0.5
0.5
0.4
0.1
86.8
657.3
29.9
386.4
38.9
2
0.1
3
4
597.1
34.6
107.1
4.6
1
5.4
0.5
11.6
1.3
14.7
6.2

24.5
56.4
31.6
34.2
3
3.3
3.7
48.7
20.6
0.9
3.2
0.5
146.8
373.6
26.4
571.8
54.3
1
0.4
5.5
3
4
558.9
42.2
85.7
9.9
3.4
2.4
0.9
10.7
1
24.1
5.1

2
81.6
55.5
5.4
24.8
9.3
27.1
78
22.9
0.5
0.5
0.4
0.5
58.6
693.2
31.4
349.3
37.5
2
1.4
2
4
588
14.2
2
4.3
1
4
1
8.8
1.5
12.3
3.5

2
131.3
1
1
3
0.5
8.2
53.9
22.8
0.5
0.9
0.4
0.4
124.2
425
28.4
568.9
56.1
8.4
5.6
3
4
700
45
101.6
5.5
1
5.5
1.9
13.8
1.3
24.1
7.8

638.7
253.8
116.9
1
39.7
9.9
30.3
81.2
21.2
0.5
0.5
0.4
0.2
26.9
925.6
29.5
203.9
27.3
2
3
3
4
522.8
2
52.9
3.1
1
4.7
0.3
3.5
0.3
3.6
1

2
326.3
1
1
3
0.7
2.2
64.8
22.8
1.9
10.1
0.5
1.5
235.7
14.1
42.5
899.3
105.5
0.1
9
3
4
59.8
60.8
145
17.2
8.7
5.8
1
13.5
0.8
41.1
6

36
1075
1
43.5
3
4.2
3.2
75.7
23.9
2
6.2
5
254.2
36.9
45.7
852.2
109.8
1
2
8.2
1.3
4
97.7
60.5
141.7
17
12.8
7.8
1
19.6
1
43.8
12.3

211
49.5
1
1
3
2.9
2.9
57.8
20.2
0.5
5.9
0.8
0.3
145
358.2
27.8
559.9
52.7
1.1
1.2
3
4
683.8
42.5
111.9
13.1
5.6
3
0.3
13.6
1.3
24.2
10.2
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